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ABSTRACT 
A study was made of the means by which turbulent flows entrain 
sediment grains from alluvial stream beds. Entrainment was con-
sidered to include both the initia tion of s e diment motion and the sus-
pension of grains by the flow . ·observations of grain motion induced by 
turbulent flows led to the formulatic:>n of an entrainment h ypothesis. 
It was b ased on the concept of turbulent eddies disrupting the viscous 
sublayer and impinging directly onto the grain surface. It is suggested 
that entrainme nt results from the interaction b etween fluid e lements 
within an eddy and the sediment grains. 
A pulsating jet was used to simulate the flow conditions in a 
turbulent boundary layer. E v idence is presented to establish the 
validity of this r epresentation. Expe riments we r e made to determine 
the d ependence of jet strength, defined below, upon sediment and fluid 
properties . . For a given sediment and fluid, and fixed jet geometry 
there were two critical values of j e t strength: one at which grains 
started to roll across the bed, and one at which grains were projected 
up from the bed. The jet str e ngth,K, is a function of the puls e fre-
quency, w, and the puls e amplitude, A, defined by 
-s K =Aw 
where s 1s the slope of a plot of log A against log W· Puls e amplitude 
is equal to the volume of fluid e jected at each pulse divide d by the 
cross sectional area of the j e t tube. 
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Dimensional analysis was used to determine the parameters by 
which the data from the experiments could be correlated. Based on 
this, a method was devised for computing the pulse amplitude and 
frequency necessary either to move or project grains from the bed for 
any specified fluid and sediment combination. 
Experiments made in a laboratory flume with a turbulent flow 
over a sediment bed are described. Dye injection was used to show 
the presence, in a turbulent boundary layer, of two important aspects 
of the pulsating jet model and the impinging eddy hypothesis. These 
were the intermittent nature of the sublayer and the presence of 
velocities with vertical components adjacent to the sediment bed. 
A discussion of flow conditions, and the resultant grain motion, 
that occurred over sediment beds of different form is given. The 
observed effects of the sediment and fluid interaction are explained, 
in each case, in terms of the entrainment hypothesis. 
The study does not suggest that the proposed entrainment 
mechanism is the only one by which grains can be entrained. However, 
in the writer's opinion, the evidence presented strongly suggests that 
the impingement of turbulent eddies onto a sediment bed plays a 
dominant role in the process. 
Chapter 
I. 
II. 
III. 
-v-
TABLE OF CONTENTS 
INTRODUCTION 
A. Introductory Note 
B. Historical Summary 
C. Purpose and Scope of the Investigation 
BASIS FOR ENTRAINMENT HYPOTHESIS 
A. Initial Experiments 
B. Turbulent Flow near a Wall 
C. Entrainment Hypothesis 
EXPERIMENTAL APPARATUS AND PROCEDURE 
A. Apparatus 
1. Pulsating Jet 
2. Hydrogen Bubble Equipment 
3. Hot Film Equipment 
4. Apparatus for D e termination of 
Fluid Trajectories 
5. Flume 
B. Sediments 
1. Analysis 
2 . . Source and Pr e paration 
C. Observ ations of Grain Movement 
D. Experimental Program 
1. Scope 
2. Procedure 
1 
1 
3 
13 
15 
15 
20 
26 
34 
34 
34 
38 
40 
42 
46 
49 
52 
58 
63 
66 
66 
67 
-vi-
TABLE OF CONTENTS (Cont'd) 
Chapter Page 
IV. PRESENTATION AND DISCUSSION OF RESULTS 
FROM PULSATING JET EXPERIMENTS 71 
A. Amplitude-fr e quency Relations 71 
B. Dependence of Critical Jet Strength on 
the Experimental Variables 80 
1. Definition of Jet Strength 80 
2. Effect of Tube Diameter 81 
3. Effect of Tube Height 83 
4. Effect of Viscosity 85 
5. Effect of Sediment Size 87 
6. Effec t of the Paramete r (y s- y )/y 94 
7. Effect of the Parameter ( y -y)d 
s s 
99 
C. Dimensional Analysis of the Problem 103 
D. Irivestigation of the Flow Field 115 
1. Hydroge n Bubble Techniques 115 
2. Studies Using Dye 119 
3. Fluid Veloc ity Adjacent to the Bed 128 
4. Fluid Trajectories 133 
E. The M echanism by w hich the Pulsating J e t 
Entrains Sediment Grains 137 
1. Initiation of Motion 137 
2. Suspension of Grains 137 
·. 
-vii-
TABLE OF CONTENTS (Cont'd) 
Chapter 
V. SEDIMENT ENTRAINMENT BY TURBULENT FLOWS 142 
VI. 
A. Introductory Note 142 
B. Flow Structure Adjacent to a Boundary 
1. Discussion of Previous Work 
2. Dye Studies 
3 . The Writer 's Concept of Grain 
Entrainment 
C. Initiation of Motion on a Flat Bed 
143 
143 
148 
154 
158 
1. Pulsating Jet E xperiments 158 
2. Initiation of Motion by a Turbulent Flow 166 
D. Initiation of Motion on a Dune Cove red Bed 1 72 
E. Suspension of Grains from a Dune Cove red 
B e d 
F. Suspension from a Flat Bed 
SUMMARY AND CONCLUSIONS 
LIST OF SYMBOLS 
BIBLIOGRAPHY 
180 
184 
187 
192 
195 
Fig. 
No. 
-viii-
LIST OF FIGURES 
Title 
2 -1 Idealized concept of eddy impingement onto a 
sediment bed. 
3-1 Equipment used to produce the pulsating jet. 
The dimensions of the glass tank are 
14 in. x 12 in. x 8-1/2 in. 
3-2 Adjustable cam mec hanism. Scale: Full size. 
3-3 Block diagram of circuit used to introduce hydrogen 
bubbles into the flow field of the pulsating jet. 
3-4 (a) Equipment used with hot film sensor to measure 
fluid velocities produced adjacent to a boundary by 
the pulsating jet. Scale: l/4xfull size. 
(b) Plan view showing alignment of jet axis and hot 
film sensor. Scale: 4 x full siz e . 
3-5 Calibration curve for hot film sensor. 
3-6 Equipment used to determine traj ectories of fluid 
elements in a pulse adjac ent to a boundary. The 
lucite box has a 6 in. square base . Two plastic 
Page 
No. 
30 
35 
37 
39 
41 
43 
beads can be seen on the base beneath the jet tube . 45 
3-7 Overall view of the flume used in the ·studies of 
grain motion unde r a turbulent boundary layer. 47 
3-8 Cross section of the flume. 48 
3-9 Plan view of the flow system in the flume. 50 
Fig. 
No 
3-10 
3-11 
3-12 
3-13 
3-14 
3-15 
3-16 
3-17 
-ix-
LIST OF FIGURES (Cont'd) 
Title 
Size-frequency distribution of Sediments 
No. 1, 2, 3, and 4. 
Size-frequency distribution of Sediments 
No. 5, 6, 7, 8, and 9. 
Size-frequency distribution of Sediments 
No. 10, 11, and 12. 
Size-frequency distribution of Sediments 
No. 13, 14, and 15. 
Size -frequency distribution of Sediments 
No . 16, 17, and 18. 
Photomicrographs of Sediments No. 2, 3, 
6, and 8. Magnification: 20 times. 
Photomicrographs of Sediments No. 10, 13, 
and 17. Magnification: 20 times. 
Plan view of grain motion caused by a pulsat-
ing jet at critical conditions for moving. Motion 
takes place from the shaded area in the direction 
of the arrows. 
4-1 Amplitude-frequency relations for critical 
conditions of move and jump in Run No. 2-5. 
Sand grains, d = 0. 564 mm, in water with 
s 
h = 0. le.ft and a = 0. 305 in. 
Page 
No. 
53 
54 
55 
56 
57 
59 
60 
65 
75 
Fig. 
No. 
4-2 
4-3 
-x-
LIST OF FIGURES (Cont'd) 
Amplitude-frequency relations for critical 
conditions of move and jump in Run No. 1-6. 
Sand grains, d = 0. 098 mm, in water with 
s 
h = 0. 2 ft and a = 0. 244 in. 
Amplitude-frequency relations for critical 
conditions of move and jump in Run No. 2-11. 
Sand grains, d = 0. 564 mm, in water with 
s 
h = 0. 2 ft and a = 0. 182 in. 
4-4 Amplitude-frequency relations for critical 
conditions of move and jump in Run N o . 3-4. 
Sand grains, d = 0. 825 mm, in water with 
s 
h = 0. 2 ft and a = 0. 244 in. 
4-5 Amplitude-frequency relations for critical 
4-6 
conditions of move and jump in Runs No. 1- 8, 
1 - 6 and 1-3 . Sand grains, d = O. 098 mm, 
s 
in water with h = 0 . 2 ft. 
The effect of tube height, for four different 
sand sizes, d , on the jet strength required 
s . 
·to cause sand grain movement (upper) and 
jumping (lower) in water. Tube diameter 
Page 
No. 
76 
78 
79 
82 
a=0.305in. 84 
Fig. 
No. 
4-7 
-xi-
I 
LIST OF FIGURES (Cont'd) 
Jet strength requir e d to cause sand grains to 
move or jump as a function of kinematic 
viscosity. Hollow points are experimental, 
y -y 
solid points are calculated. Values of _s __ 
y 
range from 1. 65, at the left, to 1. 33 at the 
right of the horizontal axis; d = 0. 098 mm, 
s 
a = 0. 305 in. 
4- B Amplitude-frequency relations for critical 
4-9 
4-10 
4-11 
conditions of sand grain movement in water, 
h = 0. 2 ft, a = 0. 244 in. 
The effect of sand size, at three different tub e 
heights, on the jet strength required to cause 
grain movement (upper) and jumping (lower ) .in 
water. Tube diameter a = 0. 305 in. 
Jet strength r e quir e d to move sediment grains 
in water as a function of s e diment size. Tube 
height, h = 0. 1 ft. Numbers in parentheses 
ys-y 
are values of --- for each s ediment. 
y 
Jet strength required t o cause grain jumping in 
water as a function of sediment size. Tube 
height, h = O. 1 ft. Numbers in parentheses 
ys-y 
are values of --- for· each sediment. 
y 
Page 
No. 
86 
88 
90 
91 
92 
Fig. 
No . 
4-12 
4-13 
4-14 
4-15 
4-16 
4 - 17 
4-18 
4-19 
-xii-
LIST OF FIGURES (Cont'd ) 
J et strength requir e d to cause grain movement 
ys-y 
as a function of -- . Tube height , h = 0. 1 ft in 
y 
wate r. 
J et strength required t o cause grain jumping as 
y -y 
a function of - 8 - • Tube h e i ght, h = 0. 1 ft in 
y 
water . 
Jet strength required to cause grain movement as 
a function of (y -y)d . Tube heig ht, h = 0. 1 ft in 
s s 
Page 
No. 
96 
97 
water. 101 
J et streng th require d to caus e grain movement as 
as function of ( y - y )d . Tub e height, h = 0. 2 ft 
s s 
in water. 102 
The ratio A /h as a function of the paramete r 
ul ds 
cp= - - . Data r efers to critical conditions for 
v 
grain mov ement. 
The ratio A /h as a function o f the parameter 
U 2 ds 
ijs = - -- . Data r efers to critical conditions for 
v 
grain jumping . 
The parameter ¢
0 
as a function of f3 = [ys-y ds3 Jl/2 
p 7 
The parameter Wo as a function of f3 = [ys- y ds3]1/2 
p 7 
107 
108 
111 
112 
Fig. 
No. 
4-20 
4-21 
4-22 
4-23 
4-24 
-xiii-
LIST OF FIGURES (Cont'd) 
(a) Flow field of a pulsating jet. Three· vortex 
rings can be distinguished; two adjacent to the 
boundar y and one moving in the fluid . Scale: 
1. 6 x full size. 
(b} Multiple exposure of a vortex ring as it 
moves towards a boundary. Scale: 2 x full size. 
Frequency of the exposures, 10/sec. 
Vortex ring s approaching a boundary. Puls e 
amplitude 0. 747 in., pulse frequency 1 eye I sec, 
tube height O. 2 ft, tube diameter 0. 305 in. 
E xamples of jet types e, f, and g. The conditions 
under which each was formed are noted adjacent 
Page 
No. 
116 
118 
to each j e t. Tube diameter 0. 182 in. in each case. 123 
Jet types derived from Film No. l, plotted on 
the amplitude -frequency plane of Runs No . 1- 8 
and 2-11. Tube diameter is 0. 182 in. for both 
runs . 124 
Jet types derived from Film No. 1, plotted on 
the amplitude- frequency plane o f Runs No. 1-7 
and 2-9. Tube diameter is 0. 182 in. for both 
runs. 127 
Fig. 
No. 
4-25 
4-26 
4-27 
4-28 
5-1-a 
-xiv-
LIST OF' FIGURES (Cont'd) 
Page. 
No. 
Section of Sanborn recorder output for a jet 
strength of 0. 85 cin and a maximum velocity 
at the hot film sensor of 0. 23 ft/ sec. Tube 
height, 0. 1 ft; each division on the paper is 
1 mm; paper speed, 25 mm/ sec. 130 
Velocity produced at a boundary by the pulsating 
jet as a function of jet strength. 132 
Motion of neutrally buoyant plastic beads in the 
flow field of a pulsating jet. Tube height, 
h = 0. 1 ft in each case. 134 
(a) Diagrammatic representation of flow about a 
particle .on a solid boundary as a vortex ring 
approaches. 
(b) Diagrammati.c r ep r e s e ntation o f flow about a 
particle on a solid boundary under the action of 
a vortex ring. 
The dashed arrows indicate the velocity v ec tor 
of the fluid motion near the particle~ 139 
16 mm motion picture fr ame s of a dy e stream 
inj ected into the sublayer of a turbulent flow 
over a s e diment b ed. Film speed: 16 frames/ sec, 
mean flow velocity: 0. 741 ft/sec, depth: 0. 322 ft. 
Scal e: O. 4 x full size . F low direction is l e ft 
to right. 151 
Fig. 
No. 
5-1-b 
-xv-
LIST OF FIGURES (Cont'd) 
16 mm motion picture frames of a dye stream 
injected into the sublayer of a turbulent flow over 
a sediment bed. Film speed: 16 frames/sec, 
mean flow velocity: 0. 741 ft/sec, depth 0. 322 ft. 
Scale: O. 4 x full size. Flow direction is left 
Page 
No. 
to right. 152 
5-2 Idealized concept of the predominant eddy structure 
in the wall region of a turbulent boundary layer. 155 
5-3 Plan view of the grain motion produced by a 
pulsating jet in a cross flow. 165 
5-4 A dune covered bed in a laboratory flume. Sediment 
size: 0. 23 mm, mean flow velocity: 0. 749 ft/s ec, 
flow depth 0. 231 ft. Photograph taken by Hwang (38). 173 
5-5 V e locity distribution over the surface of a dune. 
(Taken from Hwang (3 8)). 1 Scale: 3 x full size. 174 
Table 
No. 
2-1 
-xvi-
LIST OF TABLES 
Title 
Data on Grain Motion. Taken from Bacalso (30). 
3-1 Properties of S edimen ts Used in Pulsating Jet 
Experiments. 
3-2 Properties of Sediments and Fluids Us ed in 
Each Series of Runs. 
4-1 Summary of Results Obtained in the Pulsating 
Jet Experiments. 
4-2 Runs in which the Amplitude-frequency Curves 
Consisted of Two Straight Sections. 
4-3 Jet Configurations under which Motion Picture 
Films Were Made. 
5-1 Comparison of Critical Bed Velocity in the 
Pulsating Jet Model w ith Results Obtained in 
Laboratory Flumes. 
5-2 Vanoni's Criterion for Classifying Sediment 
Movement 
Page 
No. 
25 
51 
68 
72 
77 
121 
159 
169 
-1-
CHAPTER I 
INTRODUCTION 
A. INTRODUCTORY NOTE. 
Eve:O: the most casua l obse rver can s ee that alluvial streams 
transport s e diment particles. The ability of flowing water to suspend 
and transport solid particles presents an intriguing problem to those 
who would seek to explain it. That the majority of the suspende d 
particles haye the ir origin in the boundary of the stream, has b een 
well established. However, the means py which they are removed 
from the boundary and transferred into the main flow is not so clear. 
A satisfactory explanation of the mechanics of the entrainment process 
has not yet be e n presente d. This lack of understanding is one of the 
reasons why, today, there is still some uncertainty in predictions 
made about the behavior of alluvial streams. 
In the past, many hydraulic engineering works have been built 
on sediment bearing str eams, without adequate consideration being 
given to the effects of sedimentation on the project. Costly mainten-
ance, and in some cases complete destruction of important engineering 
works, have resulted from filling of re se rvoirs by sedime nt, filling or 
scouring of canals and channels, and erosion or gullying of adjacent 
lands. Such experiences have caused hydraulic engineers to consider 
rivers in a wider s e nse, that of sediment streams as well as water 
streams. 
The boundaries of an alluvial stream, in particular the b e d, 
are compos e d of discrete particles which as a result of forces arising 
from the flow over them, can be set in motion. To do this the stream 
must exert some finite force on the particle; that force which is just 
suffici ent to initiate motion may be t ermed a critical force. It will be 
a function not only of the particle properties, but also of the arrange-
ment of the particles in the bed. Particles which project above the 
mean b e d level may be expected to have a lower critical force than 
those which are imbedded in the surface layers. If this critical force 
is exceeded at any time the particle will move, presumably with a 
-rolling or sliding motion, across the bed. At some stage during this 
motion a transfer from the bed to the main flow can take place. The 
particle is th en said to be entrained or susp ended. A clarification of 
the mechanism involved in this lifting of the grains from the b e d is 
required. It is a necessary step that w ill have to be made before the 
relation between hydrodynamic conditions at the stream bed and the 
transportation of sediment can be understood. 
In recent years much r esearch has been done with the practical 
objective of obtaining such a r e lation. Assuming its existence and that 
it can be formulated in a tractable way, it would b e an expression re-
lating sediment discharge to hydraulic parameters and sediment 
properties. Obtaining such an expr ession would be a major step in 
. the prediction of such important phenomena as scouring or aggradation 
of channels, reservoir silting and like lihood of flooding . 
. Surprisingly few w riters have engaged in speculation about the 
nature of the forces which remove particles from the bed. Many 
w.riters are satisfied with the concept of shearing stress being the only 
important quantity on which to base the ir analys i s. The possibility of 
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lift forces acting on the grains is seldom considered. A number of 
ways in which lift forces may arise are easily recognized; the exist-
ence of a velocity gradient in the flow, the possibility of stagnation 
pressure existing under the grains and the existence of upward velocity 
components adjacent to the .bed as a result of turbulence. Analytical 
studies by Jeffreys (l)>:<, and experimental studies by Che pil (2), and 
Einstein and El-Samni (3) t e nd to confirm the pres e nce of lift forces. 
Lift forces must contribute substantially to the ease with which 
a given drag force can move a particle . If the lift were approximately 
equal to the weight , then even small drag forces would b e sufficient 
to initiate rolling or slidi:~igK Thus, to be realistic, a model or theory 
for entrainment should make provision for lift forces as well as shear-
ing forces. Few writers have done so. 
In sediment transportation, as in other phenomena of like com-
plexity, many theories and different app r oaches to the pr oblem have 
b een presented. In the next section a brief historical summary is 
given which outlines the main contributions to the subject of entrain-
ment and transportation. 
B. HISTORICAL SUMMARY 
Man has been aware of sedimentation problems for centuries. 
Records of ancient civilizations in China and Egypt indicate that even 
in the earliest of times difficulties were encountered. However it was 
* Numbers in parentheses refer to publications listed in the 
Bibliography. 
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not until the eighteenth century that a scientific investigation was made 
of the problem. Leliavsky (4) presents an account of the early work 
which was largely of an empirical nature. By contrast, Jeffreys {l), 
in 1929, presented a theore tical account of grain motion. He was the 
first to attempt an explanation of the lift exerted on a grain. 
Assuming potential flow and using the methods of classical 
hydrodynamics, Jeffreys computed the upward force exerted on an 
infinite cylinder lying on the flat bed of a stream with its axis perpen-
dicular to the flow. If the upward force exceeded the cylinder's weight, 
then the cylinder would be lifted into the flow. For sand and water 
this criterion implied U 2 > 1. 19 ga, where u is the free stream 
velocity, g is the acceleration due to gravity and a is the grain radius. 
The relative density of fluid and grain is included in the numerical 
factor. It is interesting to note that this is actually the "sixth power 
law" of Brahms and Airy, which was first proposed in 1753, {see 
Leliavsky page 34). Jeffreys claimed order of magnitude agreement 
with the experimental results available at that time. Actually the 
observed values were 3 or 4 times larger than those calculated, which 
was explained by noting that the calculation refe rred to a cylinde r and 
not to a grain. 
Jeffrey's description of a grain's motion after leaving the bed 
is intriguing. According to the classical theory, there would be a 
position above the bed at which lift would balance weight and the 
particle would remain stationary as the fluid moved p a st it. In a real 
fluid, viscosity would cause the flow to lose its irrotationality and the 
particl e would accelerate . Jeffreys continues "Viscous drag 
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between the solid and the bottom may prevent the ultimate velocity of 
the solid from being that of the fluid, and some lift may remain, but 
in any case the solid cannot be permanently suspended ..... and in a 
violent one (current) over a rough bed the transported particles will 
strike projections on the bed and undergo sudden reductions in their 
velocity. In either case the jerk when the particle hits the bed again 
will re.store the condition of streaming past a stationary obstacle and 
the classical flow will begin afresh. 11 
At this stage according to Jeffreys the particle would be lifted, 
accelerated and deposited again as in a saltating motion. Jeffreys 
points out that this agrees with observations made by Gilbert (5 ). The 
possibility of other than potential flow apparently did not occur to 
Jeffreys or was considered to be inconsequential. 
Other analyses of the initiation of motion have been developed, 
the t wo most significant and widely known being those of A. Shields (6) 
and C . M. White (7). By conside ring the disturbing forces to be re-
stricted to shear forces, c:ach author derived an expression for a 
critical shear stress which if exceeded w ill cause motion. Shields 
developed a relation 
T. 
c 
( y - y ) d 
s s 
u d =f{~F 
\} 
where 'f is the critical shear stress at the bed, y and y are the 
c s 
specific weights of the sediment and fluid respectively; d is the grain 
s 
size, vis the kinematic viscosity of the fluid and U ... is the critical 
. ..,. 
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shear velocity. The function f was presented as a shaded area on what 
Tc U>:,ds 
has become known as Shields diagram, a plot of against ---(ys -y)ds V 
Thes e data were obtained from flume experiments w ith fully developed 
turbulent flows over artificially flatt ened sediment beds. The value of 
the critical shear stress was d e t erinined by Shields from a graph of ob-
served sediment discharge versus shear stress, by extrapolating back 
to zero sediment discharge . 
White (7) obtained a relation f::>r flows in which motion around 
Tc . 
the grain was laminar' viz ( - )d = o. 18 tan e' where e is the angle 
Ys Y s 
of repose of the sediment immersed in the fluid. The form of the equa-
tion was found by considering the interaction of the drag and weight 
forces on a grain. The numerical constant was determined experi-
mentally . For turbulent flows he found that the critical shear stress 
was about one half of that for laminar flows. He attributed the differ-
ence to velocity fluctuations in the turbulent flow , which cause fluctua-
tions in the boundary shear stress and in the forc es acting on the grain. 
In pointing this out, White was one of the first researchers to recognize 
the importance of turbulent fluctuations in the sediment entrainment prob-
lem. Neither of thes e theories, however, sheds any r eal light on the 
mecha nism whereby grains are plucked from the b e d and transferred 
into the main flow. 
In 1933 O'Brien (8) made a substantial contribution by formu-
lating a satisfac tor y approach to the problem of suspended load. He 
assumed a .state of equilibrium b etween the rate at which particles 
fall under the ir own weight, and the r ate at which the fluid lifts the 
particles by the process of turbulent m i x ing . This c an be expressed 
analytically by the equation 
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Cw= dC 
E:s dy { 1) 
where C is the concentration of sediment at elevation y above the bed, w 
is the settling velocity of the sediment and E: is a diffusion coe fficient 
s 
for sediment. Rouse (9), using a system in which E: was constant 
s 
throughout the flow field, was able to obtain a greement between observed 
sediment concentration profiles and those predicted by integration of 
equation (1 ). This established the validity of 0 'Brien's formulation of 
the suspension problem in terms of a diffusion equation. 
For a stream of depth d in which E: is not constant everywhere, 
s 
Rouse (10) presented a solution to equation {l) in the form 
c 
c-
a 
= [d~y d~az z (2) 
where C is the concentration of sediment with a settling velocity w at 
a 
w 
the level y = a, and z = pkU "'· 
... 
Both f3 and k are numerical constants; 
j3 ~ 1.0 and the von Karman constant, k: 0.4. In 1942 Anderson (11), 
in natural streams, and Vanoni (12), in a laboratory flume, were able 
to show that equation (2) was of the correct form. However, it did not 
agree quantitatively w ith the experimental measurements. Since that 
time the reasons for these discrepancies have been investigated, and 
the effect of suspended sediment on flow characteristics has been well 
documented. The reader is referred to the Progress R eport of the 
Task Committee on Preparation of Sedimentation Manual s ection D, 
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nsuspension of Sediment", published in the Journal of the Hydraulics 
Division, Proc. A. S. C. E. Volume 89, (1963). A quote from a dis-
cussion of Kalinske and P ien's 1943 paper (13) by J. W. Johnson, 
which appears imme diately following the paper, sums up the feeling 
about this portion of the sedimentation problem. "The author's 
experimental data in addition t o the data of other investigators taken 
in recent years appear to verify, for all practical purposes, the 
general theory of the vertical distribution of suspended sediment in a 
turbulent stream of water . This 1 theory permits the total suspended 
sediment load transported in a vertical section to be estimated from a 
determination of the concentration and the particle size distribution of 
the sedime nt at a single p oint in the ver tical, and the hydraulic charac-
teristics of the stream". 
The theory of suspended load must fail in the region clo oe to 
the bed because Equation (2) predicts concentrations approac hing 
infinity as y t ends to zero. This is a physical impossibility. Another 
restriction on the theory is revealed when the total sediment load is 
computed. The boundary condition at the bed is unknown in the s e ns e 
that the choice of the reference level, a, can be made arbitrarily. A 
significant portion of the t otal sediment load is transported close to 
the b e d, which suggests a need for a theory applicable to this region. 
Many equations have b een suggested for the prediction of the 
rate of bed load transportation as a function of flow conditions and 
sediment properties. Some of the later ones may correctly be termed 
total load relations b e cause they do a ccou nt explicitl y for the suspended 
\ 
load. Most of these formulae ar e empirical, being derived from 
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limited sets of experimental data. A summary of the more noteworthy 
ones is given in Chapter 6 of reference (14). Figure 7. 4 of that repo r t 
shows that the results obtained by using them, ar·e just as dissimilar 
as the appearance of the formulae themselves . 
Re.cently t wo bed l oad equations , w hich may be termed 
theoretical, have been presented. Kalinske ( 15) and Einstein (43 ) both 
d e rived, from different sets of explicit assumptions, relationships 
which allow a prediction of the bed load to be made. Kalinske' s de-
. velopment is intere sting b ecause of the manner in which he allowed 
for the fact that the forces acting on a grain are not constant, b ut are 
fluctuating. He treated these variations by assuming that the v e locity 
fluctuations followed the Gaussian fr equency law. Some o f the assump-
tions that he made in his analysis are difficult to acc ept. For example , 
he equated the number of particles in motion to the number of parti c les 
on the bed, which seems to imply that regardles s of the transport rat e 
the number of particles in motion is constant. Einste in also r ecognized 
the influence of turbulence on bed load movement, but his physical 
model of grain motion is que stionable . He visualiz e d the movement of 
a sediment grain as a series of jumps, the mean length and fr equency 
of which are funct ions only of its size. Obs e r vations by the w r ite r of 
grain motion in a laboratory flume show this concept to be unrealistic. 
All of these approaches suffer from the same d efect, that of 
not understanding the e ntrainment mechanism; Many do not even 
attempt to define the conditions existing in what may be called the 
interchange region between the bed and the main flow. In order to 
examine conditions adj acent to the bed, measurements have b een made 
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of the forces exerted on rough boundaries by a flowing fluid. The most 
informative are those of Einstein and El-Samni (3), in water, and 
Chepil (2), {16), (17), in air. 
The former measured the forces exerted by a turbulent flow on 
plastic hemispheres, 2. 7 in. in diameter, glued in a hexagonal pattern 
onto a flat surface. By assuming a the oretic al wall at 0. 2 sphe re di-
ameter s below the tops of the spheres, the authors found that all velocity 
distributions plotted as straight lines on semi-logarithmic paper. The 
2. 3U..,, 
.... 
slope of these lines is equal to ---.k-- from which the boundary shear 
stress 'T = p U _,_2 , can be determined. A value of 0. 4 was assumed 
0 -.-
for k , the von Karman constant. The lift force was determined from 
measurements of the pressure difference, t,p, between the top and the 
base of the hemispheres. They found that 
6P P
u2 
= ~-O-
where Ci, was constant and equal to 0. 178 if U was the flow velocity 
measured at 0. 35 sphe re diameters from the theoretical wall. With 
these results and using the fr i ction formula for flo w over a rough 
boundary, one can show that the lift force is approximately equal to 
three times the drag force. They extended their experiments to 
natural gravels and found that to have the theoretical w all at 0. 2D 
below the upper surface of the grains, where Dis a representative 
grain size, it was necessary to choose n 67 as being r epresentative of 
the sample. By d e finition, 67% by w eight of the grains are smalle r in 
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size than n 6 7" For the lift on natural gravels , they again found 
pU2 
= MK1TU~ 
with U measured at 0. 35 grain diameters from the theoretical wall. 
Here, the representative diameter h ad to be taken as n 35 . This is 
considerably different from that describing roughness, n 67 , but 
equals that size which Einstein (43) found to be the size required to 
describe the sediment mixture in his . bed load equation. This agree-
ment would seem to be significant, if indeed lift is a factor in sediment 
transport ation . Einstein describes it as "a major moving force of b ed 
load". The writer agrees with thi s statement. 
Chepil, (2), (16}, (1 7), has published three interesting papers on 
the lift force due to a horizontal wind, experienced by grains resting 
on the surface of the ground. By both direct and indirect methods, 
the latter being measurements o f pressure distributions, h e found in 
r efer ence (2) that the average lift on h emisphere s ranging from 0. 16 
cm to 5. 08 cm in diameter, was equal t o about 85% of the drag . This 
figure was apparently unaffected by the shear velocity, size of the 
h emispheres, or thickness of the boundary layer. He concludes that 
lift is an important feature in the initiation of grain motion . An 
interesting part of this paper is th e compari son made wi th Einstein 
and El-Samni' s work which was done in water. By introducing a 
sca l ing factor, determined from experiments, to compensate for the 
different methods used in obtaining the pressure differences, he found 
-12-
CL = l /~rO = 0. 062 for Einstein and El-Samni and CL = 0. 068 for 
Chepil. This would indicate, h e claims, tha t the mechanism by which 
lift is produc e d is the same in both cases . The writer fe e ls that the 
conclusion is too strong because the correction factor appears to be 
arbitrary and the t wo sets of experiments were made at very different 
Reynolds numbers. 
In 1959 Chepil published the r esults of a s tudy designed to evalu-
ate the effects of turbulent fluid motion on the grains. By using a system 
of strain gages attache d to a sediment grain, a record of the instantan-
eous values of lift and drag was obtained. The mean values agreed well 
with his previous study. The ratio of maximum t o mean lift and drag 
was found to be approximately 2. 5 which is the figure us ed by both White 
(7) and Kalinske (15) in the ir theoretical tr eatments. 
In reference (17), Che pil measured the lift and drag on spheres 
at diffe rent heights above the surfac e . Pr e ssure m e asurements were 
the only data taken, lift b e ing computed from the pressure distributio n. 
He found that lift decreased with elevation, b ecoming virtually zero at 
3 to 4 grain diameters above the b e d. Increas e d shear velocity and 
ground roughness both resulte d in increas e d lift. Chepil draws two 
main conclusions: "· . .. lift is caused by a ste e p v e locity gradient near 
the ground .... ", and "· ... lift alone is too small to cause saltating 
grains to rise as they do, essentially vertically. 11 
The experimental arrangei:ne.nt used to measure pressures , 
which was an inclined tube manometer, was such that the pressures 
recorde d were m ean values . Thus a time a verag e val ue of the lift 
was obtained. For . a grain in a fluid it is the instantaneous value of 
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the lift that is important; when it is large the grain rises and when it 
is· small or n egative it w ill sink. The mean valu e going to ze ro away 
from the wall is not an indication of zero lift, but indicates that there 
are as many positive lifts as n egative lifts. This must be true in a 
turbulent fl ow region w h ere the effect of the wall is becoming l es s 
pronounced. The writer must disagre e with Chepil 's conclusions as he 
has stated them. A fair conclusion would be that lift is aided by a 
steep velocity gradient. 
Since 1960 there have b een many mor e sophisticated investiga -
tions into the flow s tructur e beneath a boundary layer. Some of these 
are discussed in Sec tion II-B. 
C. PURPOSE AND SCOPE OF THIS INVESTIGATION. 
The aim of the present research is t o obtain an insight into the 
mechanism by w hich sedimen.t grains are first moved and subsequently 
entraine d by a fl;wing stream. Interest is concentrated on the inter-
change region between the flow and the sediment bed, for it must be 
the conditions in this region that control the entrainment process. 
Thes e conditions are those existing in a turbulent boundary layer . 
There are many r eports of b oth experimental and theoretical 
work on turbulent boundary layer flow over rigid walls. However the 
-
s e diment entrainment problem is further complicated by the presence 
of a boundary ·composed of particles. If the forces applied by the fluid 
exceeEl. a critic al value the particles move and th e boundary changes 
shape . The apparent compl exity of the fluid and grain interactions J 
precludes the us e of an analytical treatment . . Consequently, the ' · 
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research reported h e re is bas e d entirely upon observations made of 
the manner in which sediment grains are moved by a turbulent fluid 
flowing over them. 
In Chapter II observations of grain movement, at the bed, under 
the action of turbulent fluctuations are describe d, and a brief literature 
survey on flow conditions adjacent to a boundary is presented. An en-
trainment theory based on the ability of turbulent bursts to impinge 
upon the boundary is then presented. Chapter IV deals with an experi-
mental study of a pulsating jet acting on a sediment bed.. This jet pro-
vided a simple model which simulated the impact of turbulent bursts on 
a sediment bed. Two aspects of the jet are investiga t ed. Correspond-
ing values of jet amplitude and frequency, which produced grain motion, 
are determined for a wide variety of conditions. Jet amplitud e is 
define d as the volu!ne of fluid ejected at each pulse, divided by the 
cross-sectional area of the tube from which the jet issued. A study is 
then made of the flow field of the jet. Flow visualization techniques 
are used in conjunction w ith still photography and motion pictures. 
Chapter V outlines expe riments; perfo rmed in a laboratory 
flume w ith a sediment covered bed, which sought to obt a in evidence 
substantiating the entrainment hypothe sis put forward in Chapter II. 
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CHAPTER II 
BASIS FOR ENTRAINMENT HYPOTHESIS 
A. INITIAL EXPERIMENTS. 
In a study of sediment entrainment the most important region 
of flow is that adjacent to the sediment bed. The flow conditions in 
this inter c hange region must govern the e xchange of sediment particles 
between the moving fluid and the boundary. It is imperative that care-
ful observations be made of both the movement of sediment particles 
and of the subs e quent deformation undergone by the bed. In a flowing 
fluid it is extremely difficult to make observations of this nature. 
Some broad conclusions can however b e arrived at by watching the 
flow through transparent panels in the sides of l aboratory flumes; this 
has been done by previous investigators . 
Deacon (18) made observations of sand movement in water in 
a glass -sided trough. His sand was obtained from the estuary of the 
Mers ey River but no details ar e given as to its mean size or size d is -
tribution. .From his remarks it can b e d e duced that the base of his 
trough w as completely covered with grains. He noted that the first 
movement of isolate d sand particl e s wa s observe d at a water surface 
velocity of 1. 3 ft / sec. These grains arranged themselves in bands 
like "ripples on the sea shore." He continue s ... "At thi s velocity 
the profile of each sand ripple had a very slow motion of transl ation 
caused by sand particles running up the flatter slope and tumbling over 
the ere st. ... A critical vel ocity was reached wh e n the s urface of the 
water moved a t 2. 125 ft/ s ec , when th e sand ripples b e came very 
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irregular, indicating greatly increased unsteadiness of motion of the 
water. At about this critical velocity the particles wer.e occasionally 
carried by the water direct to the next crest; and as the velocity of the 
water was gradually increased an increasing bombardment of each 
crest from the one behind it. took place. At about 2. 5 ft/ sec, another 
critical velocity was reached and many of the little projectiles cleared 
the top of the first, or even of the · second crest ahead of that from 
which they were fired." The scour thereafter, he states, was a dif-
ferent phenomenon; sand and water being mixed in a consta nt process 
of lifting, carrying and deposition. The average height that the grains 
reached appeared to depend on the velocity. 
It is unfortunate that D eacon did not report some more details 
about his flow; for example, the flow depth and the slope of his trough. 
The velocities mentioned are meaningless without the corresponding 
d epth being given. His statements on the formation and movement of 
ripples are substantially correct, but the reference to projectiles 
being fired from crest to crest is a little misleading. 
Gilbert (5) also an early worker, made similar observations, 
but recorded the details of the flow more accurately. He states :-
"Streams of water carry forward debris in various ways. The 
simplest is that in which the par ticles are slidden or rolled. Sliding 
rarely takes place except whe r e the bed of the channel is smooth. 
Pure rolling, in which the particle is continuously in contact with the 
bed, is also of small rela tive importance . If the b ed is uneven, the 
particle usually does not retain continuous contact but makes leaps, 
and the process is then calle d saltation. With s wift e r c urrents l e aps 
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are extended and if a particle thus freed from the bed be caught by an 
ascending portion of a swirling current its excursion may be indefi-
nitely prolonged. Thus borne it is said to be suspended. 11 
It is not specifically mentioned in either of these statements, 
that the sand grain movement is discontinuous. The grains move 
sporadically and not always in the direction of the main flow. By ob-
serving a sand bed under the action of a flow which is just sufficient 
to disturb the grains, this intermittent motion is very easily detected. 
It occurs in bursts over a small area. At each burst grains move 
simultaneously, and then the area remains undisturbed for a period 
until another short burst occurs. Gusts produced by turbulence near 
the bed must be responsible for this . effect. That the movement of bed 
material in general is greatly influenced by the presence of the turbu-
lent bursts, is by now generally acknowledged. As bursts increase in 
intensity, usually as a result of an increase in flow velocity, the motion 
of the particles becomes more violent and after a certain point they are 
projected into the flow as suspended load. 
If a sand bed is allowed to deform under the action of a fluid 
flowing over it, the bed will eventually reach a stage in which those 
parameters characterizing its geometry become constant. The time 
required for this equilibrium state to be r eached .is dependent on the 
properties of both the sediment and the flow and particularly on the 
transport rate of the sediment. It is usually of the order of a few 
hours in a laboratory flume for low and moderate transport rates. 
Since an equilibrium state is reached by the fluid and the bed, 
one may expect that a relationship e x ists among the sev eral variables 
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involved. These include particle and fluid properties, sediment con-
centration in the bed and adjacent to it, together with the flow and 
turbulence characteristics. An attempt to determine the important 
parameters of the problem was made using a turbulence jar. This 
jar, used by Rouse (9) in his investigation of the mechanics of sedi-
ment suspension, is essentially a cylindrical glass jar, 12 inches in 
diameter and 24 inches high, inside of which is a lattice structure 
which can be made to oscillate vertically in simple harmonic motion. 
The chief advantage offered by the jar is that a turbulent flow can be 
reproduced and maintained at will, a necessity for this study. Other 
advantages obtained by its use include good control of bed material of 
which only a limite d quantity is required, and various fluids of dif-
ferent viscosities and densities can easily be used. 
After a few preliminary runs it became clear that an exhaustive 
investigation of flow parameters, although valuable, was not the most 
pertinent aspect of the experiments. Rather, the sequence ·of events 
at the bed under conditions of fixed stroke and increasing frequency of 
lattice oscillation, and thus turbulence intensity, was of greater· 
interest. 
At the start of the experiment a levelled sand bed approximately 
i in. in thickness, was prepared on the base of the jar. The lattice 
was then inserted and a value for the stroke s e lecte d. At low fre-
quencies the agitation had no obs e rvable effect on the sand grains. 
When the frequency was increased slowly, a : point w as reached at 
which isolated grains would rock slightly and the n fall back into their 
original position. This occurred at many points on the sand b e d. 
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If the frequency was increased again, some of the grains began to move. 
The motion was one of sliding and rolling across the bed in short bursts 
with no preferred direction. The bed took on a roughened appearance 
with slight depressions appearing, which did not persist. At this stage 
there were no grains leaving the bed and the fluid was clear throughout 
the jar. With further increase in frequency, the sand grains moved in 
an entirely different manner. They could be seen leaving the bed in 
gusts, i.e. a number of grains from a small area would suddenly leap 
vertically and go into suspension. A small crater was left on the bed. 
These craters appeared in a random array if one disregarde d the 
lattice-caused regularities. The overall appearance of the bed at this 
stage was that of a moonscape. The impression was given, of a sur-
face onto which a number of objects had impacte d causing the crater-
like depressions. At still higher frequencies violent scouring action 
took place, with the subsequent entrainment of many grains. It was 
impossible to observe any details of the motion at this stage , because 
of the high concentration of suspended grains near the bed. If the 
agitation was then reduced or stopped, the grains settled to the bed 
which then appeared as a highly disturbed surfac e of rounded hills and 
hollows. Again there was no obvious geometric pattern. A parallel 
can be noted between these observations and those of Gilbert (5) given 
previously. 
The sequence of events just outlined is similar to the sequence 
which occurs on a b e d composed of sand grains with mean sieve size 
in the range 0. 1 to 2. 0 mm as the flow velocity over it is increased. 
Observations made by the w rite r of sand movement in flumes · w ill be 
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described in detail in Chapter V. Flow conditions slightly in excess of 
those required to initiate grain motion, result in a pattern of movement 
which bears a close resemblance to that observed in the jar at low 
frequencies. These similarities have led to the conjecture that the 
grain motion may be caused or affected greatly by jet-like bursts of 
flow impinging onto the bed. To explore this more fully it is necessary 
to consider the type of flow that can be expected adjacent to the bound-
ary of a flowing stream. Stream flows will always be turbulent, and 
so turbulent flow near a wall is considered first. 
B. TURBULENT FLOW NEAR A WALL. 
The complexity of turbulent fluctuations has so far prevented 
the development of a completely theoretical formulation for the turbu-
lent flow of a single phase fluid. With the addition of a boundary com-
posed of discrete particles which are free to move, the problem is 
complicated even further. Some broad statements and conclusions 
can howeve·r be made. 
In turbulent flows, the velocity and pressure at a fixed point in 
space do not remain constant with time, but perform very irregular 
fluctuations of high frequency. The fluid elements which perform 
such fluctuations are macroscopic fluid lumps of _varying sizes. These 
fluid lumps have their own intrinsic motion which is superimposed 
upon the main flow. They move as a unit for .a short period of time, 
before disintegrating and losing their identity in the surrounding fluid. 
With the exception of layers near the wall , the lumps or eddies are dis-
tributed throughout the flow field .in some random manner. 
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Close to the wall the flow can be divided into two regions: a thin 
viscous sublayer where the velocity gradient is a maximum, and the 
adjacent region in w hich the turbulence intensity is a maximum. A 
boundary, any definition of w hich would necessarily b e a little vague, 
must then exist between the ·turbulent region and the viscous sublayer. 
There will certainly be an exchange of fluid across the boundary. An 
eddy close to and moving towards this boundary, will persist as an 
eddy and penetrate into the viscous sublayer. 
It is proposed that those e ddies that have sufficient velocity to 
penetrate down to and impinge upon the sand bed, ar e responsible for 
the local disturbance of the surface layer of g rains. This would imply 
that the viscous layer is actually an intermittent layer which is being 
continually disturbed and then reforms. 
Evidence of velocity fluctu'.'1-tions at the boundary has been supplie d 
by numerous investigators. Fage and Townend (19) in 1932, using an 
ultramicroscope to follow extremely small particles i n w ater, made 
obs e r v ations in the sublayer. They were able to r ecord at valu e s of 
+ u ... 
y = y__::_ of the order of 0. 1. H ere y is the distance from the w all, 
\) 
U* the shear vel ocity and v the kinematic viscosity. Their observa-
tions convinced them that, in their words, "the flow was indeed la mi-
nar like but the motion could not be called rectilinear . " It appeared 
to be sinuous, and large lateral excursions were made by groups of 
particles, indicating perhaps, the intrusion of an eddy. They also 
note d that some fluid seemed to be ejec t e d away fr om the wall. 
Nedderman (20), by using stereoscopic photography was able to show 
+ velocity fluctuations well within the sublayer at y =l. Runstadler (21), 
i 
I 
I 
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after an exhaustive study using dye and hydrogen bubbles, concluded 
that the wall layer, y + <10, had a regular structure of low and high 
longitudinal velocity streaks. The location of these streaks varied 
continuaily over the wall surface due to "the irregular break-up and 
ejection away from the wall-layer of the low speed, momentum de-
ficient streaks ." The ejection must have been similar to that noted by 
Fage and Townend. They also note d that the ejected streaks followed 
a parabolic - like trajectory as they moved away from the wall layer 
and were carried downstream. This is perhaps what one would expect 
to occur after an e ddy has impacted with the wall, and in effect, 
bounced back . 
From a series of dye inj ec tions into the sublayer of a turbulent 
flow in a pipe, Einstein and Li (22) concluded that the flow in this 
region was inherently unstable. They postulated a model which visu-
alized a periodic growth and rapid decay of the sublayer. However 
they did not indicate over how large an area the cycle takes place; 
whether it is very localized or whether it occurs simu ltaneous ly over 
a much large r area. From observations of sand grain movement in a 
boundary layer, the w riter f eels that the forme r possibility would be 
more realistic. Einstein and Li obtaine d very good results w ith their 
prediction of velocity profiles from the ir model. There is one arbi-
trary constant that w as dete rmined so that the best fit of their pre-
dictions and Laufer's data (23) was obtained. This w as the number of 
boundar y laye r thickne sses above the boundary at w hich the repre-
sentative velocity was m easured. Values of 2. 0 to 3. 0 gave the b es t 
fit. This is an indication that the bulk flow parameters are the 
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important ones. Vanoni (24) has supplied some additional evidence to 
support this concept. From his observations of the time between sue-
cessive bursts of sand grain move m e nt, he was able to determine the 
period of break.down of the sublayer. Using U as the flow velocity in 
4 U 2 v the main flow, and Einstein 1 s formula (22) for the period T=:rr U _,_4 he 
.,. 
found periods for conditions producing critical movement of from 
2. 6 to 3. 8 secs. Observed values ranged from 1 to 3 secs, giving 
order of magnitude agreement . 
The idea of an intermittent sublayer is not n e w. Che mical en-
gineers have used it to explain diffusion and mass transfer from walls. 
Danckwerts (25) in 1951 appears to have been the first to propose 
that fluid at the boundary is conti nually b e ing r e placed with fluid from 
the main flow . Eddies, which are pictured as continually sweeping 
away the fluid adjacent to the wall , are assumed to be responsible for 
the intermittency. Hanratty (26) has taken this "discontinuous-film 
model", as he describes it, and put it into a mathematical form which 
predicts concentration and velocity profi les. Agr e eme nt with experi-
mental results for both profile s is good. As in the theory of Einstein 
and Li (22), an arbitrary probability function for contact time with the 
wall is taken. It is shown howev er, that the particular form of the 
probability function does not greatly affect the calculated profiles. 
Einstein and Li's, and Hanratty' s papers are important because they 
show that a flow model based on an unsteady sublayer can predict 
mean velocity and concentration profiles. A steady sublayer m o del 
can also pr e dict velo city pr ofil e s, but it lacks th e corrobora tio n o f 
e x perimenta l ob:. ervation. Hanratty (27), (28) als o inve stiga t e d the 
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unsteady nature of the sublayer experimentally. From measurements 
of fluctuations in the mass transfer rate, he concludes that the flow 
disturbances are e longated in the direction of flow which, since the 
eddies w ill have a streamwise velocity, is physically reasonable . In 
the 1963 paper (27), a plot of Reynolds number based on pipe diameter 
and mean velocity, against the time average mass transfer coefficient 
is presented. At a Reynolds number of 2000 the curve shows an abrupt 
break which must be linked with the onset of turbulence in the pipe. 
Since, as Hanratty pointed out, the mass transfer rate is controlled 
by the conditions in the sublayer, the inference is that the onset of 
turbulence in the main flow has changed the nature of the sublayer. 
The change is thought to b e the penetration of it by turbulent eddies . 
A further result that ties in with Vanoni' s work ,(24), is that the time 
scale of the fluctuating mass transfer proce ss was dependent on the 
bulk flow parame t ers. 
Lin, Moulton and Putman (29), who were also looking for evidence 
of · eddies adjacent t? the boundaries of a flow, performed a compre-
hensive set of e xperiments on mass transfer from walls. They con-
elude ... "The results prove definitely that the laminar type of film for 
molecular diffusion does not exist near the wall. Thus small amounts 
of eddies become very appreciable when the diffusivity is very low or 
the Schmidt group is very high. " The first part of the statement is 
very sweeping and conclusive, and as such is open to debate. The 
second part is more interesting for the purposes of the writer because 
sand in water is an extre-:ne case of high Schmidt number. The Schmidt 
number is defined as the ratio v ... _ where v is the kinematic v is cosity 
n"· 
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of the fluid , and D::< is the diffusivity of the diffusing substance . The 
. .. t.. 
value of D,,, i n sediment studies is zero . 
Additional evidence of the importance of turbulent eddies on the 
fl ow at th e boundary, is provided by Bacalso (30) from a different 
context . By using a lens system he was able t o observe very care-
fully the initiation of motion of sand grains under a growing boundary 
layer in a flume . The boundary layer was laminar for approximately 
fou r feet from the inl et box; thereafter it went through a transition 
r egion and was turbulent fo r the rest of the flume. Near the critical 
conditions for movement , sedimen t motion was observed· to occur 
only in the downstream section of the flume, i . e . under the transition 
and turbulent portions of the boundary layer. To illustrate this the 
following table has been extracted from Bacalso's results . 
TABL E 2 -1 
D ata on Grain Moti on. T aken from Bacalso, (30 ). 
Depth Free Stream Stati on of Boundary Intensity of 
f t Ve l ocity O bse r vation L ayer Grain Moti on 
f t / sec ft 
0 . 269 0 . 656 2 l am none 
0 . 662 5 trans negligible 
0 .686 7 turb small 
0 .707 9 turb critical 
0. 714 10 t u rb cr i tical 
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The sediment used in this run was glass beads with a mean size of 
0.037 mm. 
One concludes that the grain motion is facilitated by the 
presence of the turbulent flow over the sublayer. As the boundary 
layer changes from laminar to turbulent the nature of the sublayer 
evidently changes from continuous to intermittent, resulting in the 
observed differences in sediment behavior ·with distance frorri the 
flume entrance. This result is analogous to Hanratty's change in mass 
transfer rate with the onset of turbulent flow which was mentione d 
above. 
Based on the experimentally observed effects just presented, 
namely the increased effectiveness of a turbulent flow in a mass trans-
fer proce ss and the ability of turbulent fluctuations to disrupt the 
viscous sublayer, an hypothesis for the mechanism of sediment en-
trainme nt is proposed in the next section. 
C. ENTRAINMENT H YPOTHESIS. 
Turbulent flow has b een presented as a superposition of e ddi es 
of various sizes and vorticities . . It is hypothesised that the se eddies 
play an important part in the mechanism of grain m otion and suspension 
by d isrupting the viscous sublayer, adjacent to th.e b o undary , and im-
pinging directly ante the surface layer of grains. 
Clearly the structure of the eddy is an important factor in this 
hypothesis. The eddy is a fluid r eg ion of macroscopic size moving 
through the surrounding fluid as a unit. Fluid within the eddy is also 
in motion. This will be a spinning motion which gives rise to the 
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vorticity associated with the eddy. A simple configuration to which an 
eddy can be likened, is Hill's _spherical vortex (31). This consists of 
a combination of the potential flow due to a sphere moving through a 
fluid at rest, and of vortex motion within the sphere. The two motions 
can be matched so that there is no discontinuity in pressure or velocity 
across the sphere boundary. The eddy is thus pictured as a turbulent 
fluid region which exhibits some coherent motion and is capable of 
impinging upo n the boundary. 
Consider now a flat bed of sediment over which a turbulent 
stream is flowing. We assume that the conditions are such that the 
mean shear stress on the bed is not sufficient to cause grain motion. 
Assume also that an eddy approaches the b ed. First, if it is a 'weak 
eddy', either because it breaks up before quite reaching the bed or it 
sweeps by at a finite distance from the bed, the grains will be un-
affected by it. 
If, however, it is a 'stronger eddy' it will reach the boundary, 
actually making contact with the sediment grains. As it nears the 
boundary, the eddy will be distorted in shape, resulting in a stretching 
of the vortex lines within the eddy. The velocity of the fluid particles 
making up the eddy must then be expected to increase. Depending 
upon the direction of rotation of these fluid particles, the boundary 
shear stress •vill b e increased or decreased over an area comparable 
in size to that of the eddy. Observations of water flow over b e ds of 
fine sand w ith mean size in the range of 0. 1 to 1. 0 mm, near critical 
conditions for initiation of motion show this area to have a diamet e r 
of about.one half to one inch. Under the action of the eddy the value 
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of the critical shear stress for grains may be exceeded for a short 
instant of time and the grains will be dragged acres s the b e d . The 
size · of the eddy is very much larger than the individual grains, and 
hence many grains will move. They will come to rest outside the 
area of influence of the eddy-, or after disintegration of the eddy upon 
hitting the wall. 
A small secondary effect that may be present under these con-
ditions is the following. · Fluid actually within the bed will be disturbed, 
and it is conceivable that fluid displaced from within the grain mass 
will be forced through the grains causing a loosening of the surface 
layers. This can merely act as an aid to grain motion and is certainly 
not the primary cause of motion. 
If a still stronger eddy approaches the wall, where 'stronger' 
implies greater vorticity and thus kinetic energy pr e sent in the form 
of rotating fluid, the grain disturbance will be of a more violent 
nature. Consider the forces acting on a grain w hen it is under the 
influence of an eddy. There are two types of restraining forces; that 
force due to the grain's immers ed weight and thos e forces due to 
interference of n e ighboring grains. These are oppos e d by the fluid 
drag and the forces arising from the pressure gradient which exists 
within the eddy. The fluid drag force, determined in part by the vis-
cosity and relative vela city, will a c t in the direction of the l ocal 
velocity. At the bed this w ill b e a horizontal velocity and the grains 
will roll .. Adjacent to the b e d the velocity will be inclined at a small 
angle to the bed, as a result of the rotation within the e ddy. The re-
sultant f o rce on a grain projecting above the m ean b e d level can thus 
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have two components, one horizontal and one vertical. 
If the grains were the same density as the fluid there would be 
no weight force, and they would follow the trajectory of the fluid 
particles, viz a curved path away from the bed. With sand in water the 
density ratio is approximately 2. 6, and hence with its greater inertia, 
the grain will follow a path of greater radius than the fluid particles in 
its vicinity. Since the grain has a weight force directed downwards, it 
cannot leave the bed unl e ss the vertical component of the fluid forces is 
approximately equal to the grain weight. Factors such as interlocking 
of grains, particularly if they happen to be angular, and the possibility 
of a grain rolling up on top of another and being projected into the flow 
under the influe nce of its inertia, account for the above use of the w ord 
'approximately 1 • 
By assuming the effect of the forces arising fr om the pressure 
gradie nt within the eddy to be small, it can b e said that an expo s e d 
grain will leave the bed when the vertical velocity component associated 
with the eddy is comparable with the fall velocity of the particle. If it 
is much less than the fall velocity, the particle w ill roll across the 
bed under the action of the horizontal velocity compone nt. If it is much 
greater tha n the fall velocity, then a particle which projects a .hove the 
mean bed level w ill move along a curved p a th l eading away from the 
bed. 
Figure 2-1 presents an idealized concept of eddy impingement. 
The eddy approaching the sediment bed is p ic tur ed as a region of flow 
in which the fluid motion is somewhat coherent. A rotating motion is 
indicated in the figure. The eddy is squashed upon impact with the b ed 
IMPINGING 
EDDY 
"-.. 
DIRECTION OF MEAN FLOW 
" 
" 
DEPARTING 
---- MEAN BED LEVEL 
Fig. 2 - 1 Idealized concept of eddy impingement 
onto a sediment bed. 
I 
VJ 
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and leaves in a downstream direction. In accordance with the work of 
Runstadler (21), which is discussed fully in C hapter V, the fluid leaving 
the wall is drawn in the form of an e longated eddy. The path to be 
followed by the sedime nt grain is shown as a curve, leading away from 
the bed, and of radius greater than that followed by the fluid particle.s 
within the eddy. it is assumed that for the conditions shown in the 
figure, the vertical velocity component of the eddy motion excee ds the 
faU velocity of the grain. If this is not true then th e grain will roll 
across the bed. 
Once in motion away from the bed, the grain is susceptible to 
the influence of turbulent fluctuation s which exist in the main flow. In 
laboratory flumes the sublayer thickness, d efine d as o = ll.6Uv..,_ , 
.... 
where v is the kinematic viscosity of the fluid, and U ..,_ is th e shear 
... 
velocity, is usually between 1. 5 and perhaps 20 or 30 grain diameters. 
The forme r figure corresponds to coarse grains and the latter to fine 
grains. By being projected a way from the bed a distance approximating 
the sublayer thickness, the chances of a grain b e ing influenced by the 
turbulent fluctuations are great. Entrainment is then e _ssentially a 
question of whether or not an upward velocity in excess of the grain's 
fall velocity occurs b efore the grain settles back to the bed. 
So far the discussion has b een conc e rned with the question of 
motion on a flat bed. At much higher flow velocities the sediment bed 
becomes rippled or dune covered, and other factors contribute to grain 
entrainment. One of the most effective factors is the presence of dune 
crests. Even weak eddies , if they cause particles to roll up to a dune 
crest, can be responsible for transferring grains from the b ed to the 
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main flow. The crest is a region of high mean velocity and the grain, 
by virtue of its inertia, is launched from the crest. Once launched it 
is susceptible to the action of the free stream turbulence which can 
result in suspension. Many grains are entrained in this manner. 
Strong eddies will still cause entrainment as outlined previously, how-
ever the dune bed actually aids this process. On the back slopes of the 
dunes the flow is directed more towards the bed, while in the dune 
troughs there is a region of relative calm where the eddies can readily 
come into contact with the surface grains. A further discussion of how 
a dune bed aids in entrainment is presented in Chapter V. 
In summary, the mechanism proposed in the entrainment hy-
pothesis has t wo important features. Near the conditions of incipient 
motion it provides the necessary increase in the local shear stress to 
cause grain motion. It also provides a means by which a vertical 
velocity component can be induced adjacent to the bed. 
The sequence of events that the entrainment hypothesis en-
visions as occurring at the bed can be listed as follows : 
A . Near conditions of incipient motion. 
1. Turbulent eddies disrupt the viscous sublayer and 
impinge onto the surface layer of grains. 
2. The swirling motion of the fluid within the eddy 
i ncreases the local shear stress, exceeding the 
critical value for grains and causing rolling. 
3. If the bed is dune covered, the motion will occur 
first in those regions wher e the most violent e ddy 
action may be e x p e cte d. 
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B. At higher rates of sediment transportation. 
1. Turbulent eddies impinge onto the surface layer 
of grains. 
2.. The swirling motion within the eddy increases the 
drag force on the grains and accel erates them. 
Some, by virtue of their s ize or because they are 
rolled up and over neighboring grains , project 
above the mean bed level. In such a position they 
are susceptible to the vertical velocity component 
of the fluid motion ~ithin the eddy. If this velocity . 
component exceeds their fall vel ocity, the resultant 
drag force on the grains will be inclined at a small 
positive angle to the bed. Under these conditions 
grains will leave the bed. 
3. Other small effects can contribute to a grain's upward 
motion; e .g. the pressure gradient within the eddy and 
the possibility of it being projected into the flow as a 
result of collisions with neighboring grains. 
4. If the sediment bed is dune covered, the bed featur es 
aid the entrainment process, th e troughs and back 
slopes of the dunes being the most acti ve regions. 
To investigate these hypotheses a simple experimental model 
was built. It consisted of a device capable of producing a pulsating jet. 
The effects of this jet on numerous sediment beds were studied. The re-
mainder of this thesis presents the results of these studies and some 
evidence showing the appropriate ness of the pulsating jet model. 
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CHAPTER III 
EXPERIMENTAL APPARATUS AND PROCEDURE 
A. APPARATUS. 
· i. Pulsating Jet 
A large part of the experimental program was aimed at investi-
gating the effect of a pulse of fluid impacting on a bed of sediment 
grains. · This was achieved by the use of a pulsating jet directed 
towards a sediment bed. 
A distinct advantage that a pulsating jet has over a single pulse 
is that observations of grain movement are greatly facilitated by having 
the pulse repeated as many times as desired without interruption. A 
disadvantage that is incurred, is that the jet exit velocity is not as uni-
form during a pulse, as it might well be with a single shot, but is 
sinusoidal. It was thought that the details of the jet velocity at genera-
tion would not have any appreciable effect on the r esults produced at 
the sediment bed. 
The equipment, which is shown in Figure 3-1, consisted of a 
motor-driven reciprocating pump which produced a s e ries of pulses 
from the end of a brass tube. During the experiments this tube was 
placed vertically in a tank of still w ater . The dimensions of the tank 
were 14 in. by 8-i in. , and it ~as filled to a depth of 9 in. The end of 
the tube , from which the pulse issued, was locate d near the center of 
the tank and approximately 2 or 3 in. above the base. B efore each ex-
periment , a sediment b ed of loo se grains was placed in the bottom of 
. 
the tank and carefully levelled. Observa tions of grain movement under 
the action of the j e t, were made through the glass walls of the tank. 
Fig. 3-1 Equipment used to produce the pulsating jet. 
The dimensions of the glass tank are 14 in x 12 in x 8-1 /2 in. 
,· 
l..V 
l.11 
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The pump was a brass cylinde r with a i in . diamete r bore, 
inside of w hich a piston w as moved . During the suction stroke, fluid 
was sucked into the cylinder, and on the exhaust stroke it was forced 
out as a puls e to be dir e cte d at the sand bed. It was necessary to cali-
brate the cylinder so that a relationship between stroke and volume of 
fluid ejected could be found. The calibration showed that the dis-
charge at each stroke , wa s independent of frequency and varied 
linearly with amplitude. From these measurements, the bore of the 
cylinder was calculated to be O. 373 in. 
A single phase, 1800 rpm motor connected directly to a variable 
speed reduction unit, was us e d to drive the pump. The speed reduction 
unit, a Gra ham Transmission model 15DM, allowed frequencies from 
0 to 9 cycles/ sec to be used. By means of a dial attached to this unit, 
the pumping frequency could be d e t ermined fr om a calibration curve. 
This curve, which was exactly linear througho ut its range, determined 
the frequency to with in 0. 02 cycles/ sec. At the lowest fr equencies 
used, approximately 0. 5 cycles/sec, this represents an e rror of 4% 
which is comparable with the limits of accuracy imposed upon the ex-
periment by the eye of the observer. At higher frequencies the per-
centage error is much reduced. 
Between the drive and the piston pump, was an adjustable 
1 
stroke cam mechanism, shown in Figur e 3-2. Strokes from 0 to lz 
in. could be obtained. The stroke was adjusted by loosening the two 
locking screws, sliding the front portion of the cam to the desired 
setting and retightening the locking screws. The cam was adjusted for 
each experiment using a template t o position its t w o portions, thus 
ensuring that the strokes were accurately set. 
I 2 x stroke 
..L' 22 
ELEVATION 
connecting rod 
to pump 
locking screws 
,--.. ---· _____ _,, 
I 
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I 
I 
---(.. 
driving shaft 
from motor ---
END ELEVATION 
Fig. 3-2 Adjustable cam mechanism. Scale: Full size. 
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Three jet tubes of different diameters were used. They were 
clamped to an instrument holder which could be raised or lowered by 
mearis of a rack and pinion. The elevation of the tube above the sand 
bed could be determined to 0. 001 ft by means of a vernier scale on the 
instrument holder. A framework,which straddled the tank, supported 
the holder and allowed movement of the tube to any position in the tank. 
2 . Hydrogen Bubble Equipment 
A system for producing hydrogen bubbles in the flow field was 
used to obtain photographs of the motion of the pulse. By using a vari-
able ratio transformer (Variac), and a rectifier, a D. C . voltage of 
approximately 40 volts was applied between two electrodes placed in 
the tank. The cathode, on which the hydrogen bubbles were formed, 
was a 0. 002 in. diameter tungsten wire, stretched between two arms of 
a lucite stirrup which could be placed anywhere in the flow field. The 
anode consisted of a strip of copper placed at one corner of the tank. 
Figure 3-3 shows a block diagram of the circuit used. 
When the bubbles were used to mark the flow field of a pulse, 
the wire was placed immediately beneath the end of the jet tube. The 
hydrogen bubbles formed on the wire and r ose vertically to the surface . 
Those rising in line w ith the jet tube were caught up on the pulse and 
acted as flow tracer·s. An alternative system in which the jet tube acted 
as the cathode was sometimes used. In this case hydrogen bubbles 
formed on both the inside and outside of the tube . Those on the outside 
rose to the surface, w hile those on the inside were er:itrained by the 
pulse as it l eft the tube and travelled w ith it to the sediment b ed. 
II 
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Fig. 3-3 Block diagram of circuit used to introduce hydrogen 
bubbles into the flow field of the pulsating jet. 
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3. Hot Film Equipment 
To d e termine the velocities produced adjacent to a boundary by 
the pulsating jet, a hot film s e nso r w as inserted into the flow field. A 
probe, with the sensor on the tip, was inserte d through the base of a 
6 in. x 6 in . lucite box, the s e nsing element b e ing positi oned adjacent 
to the upper surface of a lucite plate which serve d as a boundary. A 
photograph of the apparatus appears in Figure 3-4(a). The sensing 
element is a small glass cylinder coated with a platinum film w hich 
has a quartz layer sputtered over it. These coatings are each approxi-
-5 
mately 10 in. thick. The diameter of the e l e ment is 0. 006 in. and 
its length is approximately 0. 06 in. to 0. 08 in. It is supported by t w o 
insulated needles w hich m e sh into the main .b ody of the probe . The h ot 
film sensor was aligne d with its longitudinal a x is paralle l to the bound-
ary and perpendicular to a line draw n from the jet a x is to the mid point 
of the cylinder, se e Figure 3-4 (b). 
By using the instrument holder d e scribed previously , the j e t 
tube could b e positione d accurately at any r e q u ire d distance fr o m the 
boundary. In a horizontal plane the tube was positioned with the aid o f 
a grid marked out o n the lucite plate. This positioning w as done first 
with the end of the tub e adjace nt to the lucite plate, and then the tube 
height w as s e t b y raising the t ub e . 
The signal from the sensing element w ent first through a 
Shapiro Edw ards model 60B hot film anemometer, and th e n thr o ugh a 
Sanbo rn AC-DC preamplifie r model 150-1000. The output fr o m the 
preamplifier w as r e c o rded b y a Sanborn single channe l r e c o rder . 
HOT FILM 
SENSOR 
tL 
JET HOT . FILM 
SENSOR 
-· ! 0.06 to 0.08 in 
3" + I· 3" ---- -- ~ ... -8 32 
{a) {b) 
Fig. 3-4 (a) Equipment used with hot film sensor to measure fluid velocities produced adjacent 
to a boundary by the pulsating jet. Scale: 1I4 x full s ize . 
(b) Plan view showing alignment of jet axis and hot film sensor. Scale : 4 x full size. 
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Hinze {32) page 78, derives the relation usually referred to as 
King's Law, that is used in hot wire anemometry. In his notation it 
I 2 R 
reads R = A'+B'.JU. I is the current flowing in the wire, R is R - w 
w g 
the total electrical resistance of the wire, R is the resistance of the g 
wire at the temperature of th e fluid, A' and B' are constants depending 
upon the physical properties of the wire and fluid and u is the velocity 
of the fluid over the wire. For a constant temperature anemometer 
R is constant and we can write, I 2 R 2 = V 2 = a.+ f3..{'U' , where 
w w 
a.= A'R (R -R ) and f3 = B'R (R -R ) are both constants. Vis the 
. WW g WW g 
output voltage from the hot film sensor. To determine a. and f3, a cali-
bration curve showing V 2 as a function of ..JU is required. It should 
be linear. 
Calibration of the system was done in a towing tank which was 
built and used by Townes (33). The towing speed was determined by 
timing the moving carriage,on which the probe was mounted, over a 
distance of 3 ft in the middle portion of its trave l. From the output on 
the recorde r paper and the measured probe velocity, a calibration 
curve was prepar e d. It is given in Figure 3-5. 
4. Apparatus for Determination of Fluid Trajectories 
In addition t o the velocity adjacent to the sediment bed, it is of 
interest to determine the trajectory of the fluid elements in this portion 
of the flow field. An indication .of these paths was obtained by photo-
graphing the motion of neutrally buoyant plastic beads under the action 
of a pulse. 
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Fig. 3-5 Calibration curve for hot film sensor. 
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The beads used were approximately i mm in diameter, with a 
specific gravity of 1. 04. They were selected from Sediment No. 8, 
see Section B-2 below. A salt solution was prepared and adjusted by 
trial and error until the beads became nearly neutrally buoyant in it. 
Actually they were slightly heavier than the fluid, just sufficient to en-
sure that when placed on the base of a tank containing the salt solution, 
they would stay there. When placed in the main body of fluid, it was 
impossible to define a fall velocity because the beads showed no 
preference for any direction in which to move . They tended to f ollow 
convection currents or fluid movements caused by the introduction of 
the bead. 
A photograph of the experimental apparatus is shown in Fig-
ure 3-6. A lucite box, 6 in. x 6 in. x 6 in. , was placed between two 
synchronized flash lights. The jet tube, supported in the same way as 
in the experiments with sediment grains, was placed vertically in the 
center of the box. During the experiments, photographs were taken 
with a view camera using 4 in. x 5 in. black and w hite sheet film. It 
was placed close to the position from which the photograph in Figure 
3-6 was taken. Two beads can b e s een on the base of the tank. At the 
start of a run they were placed, with the aid of a grid, directly b e neath 
the jet tub e , one on each side of the jet axis and in a plane parallel to 
the film in the camera . The flash lights were powered by the labora-
tory high voltage supply. The flashing fr e quency was d e termined after 
each experiment by photographing the motion of a hand on a clock face . 
Measurement of the angle between the position of the hand at successive 
flashes , allowed the frequency of the flashes to be calculated. The 
duration of each flash was approximately 5 microseconds. 
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Fig. 3-6 Equipment used to determine trajectories of fluid 
elements in a pulse adjacent to a boundary. The 
lucite box has a 6 in . square base . Two plastic 
beads can be seen on the base beneath the jet tube. 
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In performing an experiment a pulse of known strength was 
generated, and the camera shutter held open during the subsequent 
motion of the beads. On the resultant picture each bead appeared as a 
series of circular images, each image recording the position of the 
bead at the particular instant that the lights flashed. 
5. Flume 
A series of experiments, reported in Chapter V, was performed 
in a laboratory flume. In Figure 3-7, a photograph of the flume and 
circulating system used, is presente d. The 12 ft long working s e ction 
has glass walls and a cross section 15 i in. wide and 17 in. deep. Fig-
ure 3-8 shows a drawing of the cross section. The framework is steel, 
the member forming the floor being a 15 in. x 3 i in. xi in. channel 
section running the length of the working section. An instrument car-
riage, shown at the downstream end in Figure 3-7, can be moved to any 
position in the flume on two 1 in. diamete r horizontal rails which are 
mounted on top of the flume walls. Depth measurements, using a 
vernier scale readi ng to 0 . 001 ft, were made with a point gage mounted 
on the instrument carriage. The b ot tom of the flume is made from 
i in. lucite placed on specially machined stainless steel washers, which 
rested on the 15 in. channel section. The washers were spaced at 11 in. 
centers in two lines, each line b eing 2 in. from the nearest wall of the 
flume. To ensure that the finished face of the lucite lay in a hori zontal 
plane, the required washer thickness at each position was determined 
with a point gage mounted on the instrument carriage. Thus the bottom 
of the flume was in a plane parallel to that of the rails. 
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Fig. 3-7 Overall v i ew of the flume used in the studies 
of grain motion under a turbule nt bounda ry layer. 
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A vertical pump circulates the water fr om a downstr eam reser-
voir through a 6 in. pipeline to an inlet tank. It then flows through th e 
working section and back to the reservoir. A dimensioned plan view of 
the flow system is given in Figure 3-9. The flow enters the inlet tank 
through 312 holes in a manifold. Baffle plates o f galvanized sheet metal, 
fG in. thi ck and perforated with~ in. diamete r holes at ! in. centers, 
are fitted across the w idth of the tank immediately downstream of the 
manifold. Two plates spaced 6 in. apart were used. A 5 ft long tran-
sition section reduces the tank cross section of 3 ft 10 ~inK wide and 
2 ft 9 in. deep, to the dimensions of the working section. It was de-
signed to give a monotonically increasing velocity along any stream 
tube by a method proposed by Tsien (34). 
Two gate valves are used to regulate the flow. The valve at the 
downstream end, an 8 in. gate valve, is used t o regulate the flow depth 
in the working section. A 6 in. gate valve at the upstr eam e nd controls 
the discharge. An air-water manometer, r eading t o 0. 001 ft of water, 
connected to a venturi meter in the 6 in. pipe, was used to determine 
the discharge. The meter was calibrated volumetrically in th e Hydro-
dynamics Laboratory at the California Institute of Technology, to an 
accuracy of w ithin 1 percent. The inlet and throat diameters were 
6. 109 in. and 3. 437 in. respectively . 
B. SEDIMEN TS 
Six d ifferent materials we r e used as sediments. Table 3-1 lists 
the sediments together with their physical properties. 
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TABLE 3-1 
Properties of Sediments Used in the Pulsating Jet Experiments. 
Sediment Material Geom. mean Geom. Std. Specific Shape 
No. size mm Deviation Gravity 
1 sand 0.098 1. 17 2.65 subrounded 
2 sand 0.239 1. 12 2.66 subrounded 
3 sand 0.564 1. 14 2.65 rounded 
4 sand 0.825 1. 14 2.66 rounded 
5 glass 0.087 1. 12 2.49 spherical 
6 glass 0.214 1. 07 2.49 spherical 
7 glass 0.456 1. 05 2.49 spherical 
8 plastic 0.590 1. 30 1. 04 spherical 
9 plastic 0.810 1. 14 1. 04 spherical 
10 ilmenite 0. 112 1. 20 4.76 angular 
11 ilmenite 0. 271 1. 23 4. 15 angular 
12 ilmenite 0.525 1. 18 4. 12 angular 
13 coal 0.258 1. 43 1. 27 angular 
14 coal 0.710 1. 13 1. 27 angular 
15 coal 0.965 1. 08 1. 27 angular 
16 saran o. 121 1. 12 1. 69 spherical 
17 saran o. 170 1. 12 1. 69 spherical 
18 saran o. 211 1. 13 1. 69 spheric al 
1. Analysis 
The geometric mean size, 
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d , and the geometric standard 
s 
·deviation, a , were determined by means of a sieve analysis. A g 
sample of each sediment, obtained by use of a Jones sample splitter, 
was sieved using a.1{21 serie s of standard ten inch Tyler laboratory 
sieves which were shaken for ten minutes on a Tyler Rotap machine. 
The sediment retained on each sieve was then weighed on an analytical 
balance. Figures 3-10 through 3-14 show, for each of the sediments 1 
the distributions of sieve sizes plotted on logarithmic probability paper. 
Those distributions which plot essentially as straight lines, have the 
logarithms of their sieve diameters distributed according to the normal 
error law. They are thus completely defined by the geometric mean 
d 
. d d h . d d d . . 8 4 . 1 size an t e geometric stan ar ev1ation a = d 
s g s 
where d 
s 
the size for which 50% of the sediment by weight is finer, and d 84 . 1 
is the size for which 84. 1 % of the sediment by weight is finer. 
Those distributions which do not plot as straight lines are 
treated as though the distribution were straight, and passed through 
is 
the points d 84 . 1 and d 15 . 9 . For example Sediment No. 11, in Figure 
3-12. This procedure, suggested by Otto (35), is the usual way of 
treating these almost logarithmic normal distributions. 
The specific gravities of the sediments w ere determined by use 
of a pycnometer. This is a small glass bottle in which the weight of 
a volume sediment can be compared with the weight of the same vol-
ume of water . The procedure is to fir st determine the weight of the 
bottle whe n it is full of water, W 1 , say . A known weight, .w 2 , of sedi-
ment is the n placed in the bottle. Water is adde d until the bottle is full 
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and its weight is determined. If W 3 is the weight of the bottle, sedi-
ment and water then the specific gravity of the sediment is given by 
S. G. 
Great care had to be taken with some of the sediments, notably plastic 
and coal, to ensure that no air remained trapped in the sample. A 
wetting agent was used to get the plastic beads into the water. After 
they were immersed the water was syphoned off and replaced with dis-
tilled water. This procedure was repeated four or five times until the 
contaminating effect of the wetting agent was removed. Once the sam-
ple was immersed, it was stirred vigorously to remove any air that 
may have been trapped between the grains. It was then transferred to 
the pycnometer without exposing it to the air. 
The shape of the sediment was determined from examination bf 
photomicrographs, some of which are shown in Figures 3-15 and 3-16. 
The magnification in each case is twenty times . 
2. Source and Preparation 
a. Sand: Sand sample s were taken from the Keck Labora-
tory of Hydraulics and Water R.esources Sediment Library. Sediment 
No. 1, sold under the name of 1Nevada 120 1 , was obtained from a 
foundry supply company. It is a well sorted white silica sand. Se di-
· ment No. 2, known as a Gold Jacket sand, consists of quartz with an 
iron oxide coating. Sediment No. 3 was obtained from a foundry 
supply company and is marketed commercially as Ottaw a sand. It is 
I 
I 
SEDIMENT NO. 2, SANO 
els= 0.239 mm og• 1.12 
SHAPE : SUBROUNDED 
' SEDIMENT NO. 6, GLASS 
; d5 • 0. 214 mm O"g • 1.07 
SHAPE SPHERICAL 
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SEDIMENT NO. 3, SANO 
d5•0.564 mm ag=l.l4 
SHAPE : ROUNDED 
SEDIMENT NO. 8, PLASTIC 
d5•0.S90 mm og • 1.30 
SHAPE : SPHERICAL 
Fig. 3-15 Photomicrographs of Sediments 
No. 2 , 3, 6, and 8. 
Magnification: 20 times . 
.. .. 
SEDIMENT NO. 10 ILMENITE 
ds • 0.112 mm, og • I. 20 
SHAPE : ANGULAR 
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SEDIMENT NO. 13 COAL 
d5 • 0.258 mm, ag • 1.43 
SHAPE : ANGULAR 
SEDIMENT NO. 17 SARAN 
d5 • 0.170mm, og • 1.12 
SHAPE : SPHERICAL 
Fig. 3-16 Photomicrographs of Sediments 
No . 10 , 13, _and 17 . 
Magnification: 20 times. 
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well rounded quartz sand. Sediment No. 4 was also a Gold Jacket sand, 
which was well rounded. 
In preparation for the experiments a sample of sand was split 
with a Jones sample splitter, from the main stock. This was then 
washed and placed in the tank as a sediment bed. For analysis, a 
sample was split from the sand used in the experiments, after com-
pletion of the run. 
b. · Glass Beads: Glass beads from the laboratory sediment 
library were used as Sediments 5, 6 and 7. They were all obtained 
from the 3-M Company and were prepared for the experiments in the 
same manner as the sands . 
. c. Coal : A lump of coal was crushed, and three fractions 
of different sizes were separated from the crushed material. Each 
fraction was washed to remove the fine powder generated by the crush-
ing, and then placed in the tank as a sediment bed. Care was required 
to ensure that all the air was expelled from the b e d, because of a sur-
face phenomenon which caused air to adhere strongly to the surface of 
the coal particles. A rotating propellor was place d in the tank to stir 
both the fluid and the grains. Bubbles of air caught on and b e tween the 
grains were thus released. After the sediment was used in the experi-
ments the sieve analysis was performed and the s pecific gravity 
determined. 
d. Plastic Beads: Samples were taken from the laboratory 
sediment library, and two size fractions sieved out to form Sediments 
Nos. 8 and 9. As mentioned above, it was necessary to use a wetting 
agent before the b eads could be made to sink in water. E ven the 
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smallest amount of air adhering to the surface was sufficient to float a 
bead. The experiments were made in deaired water to ensure that the 
beads would remain submerged. 
· e. Ilmenite: Samples of a mineral sand were obtained from 
the Geology Department of the California Institute of Technology. They 
consisted of a black, lustrous sand with grains of ilmenite and pyroxene, 
together with a small percentage of magnetite. Ilmenite is an iron 
titanium oxide which has a specific gravity of 4. 6 to 4. 8. Pyroxene is 
an iron magnesium silicate with a specific gravity of 3. 5. The magne-
tite has a specific gravity of close to 5. 0. For the purposes of identi-
fication the sediment will be refe rred to as ilmenite. 
The specific gravity of the sediment w ill depend upon the per-
centage of each constituent prese nt, which in turn depends upon the 
mean grain size . Three fractions were sieved from a large supply of 
sand. The specific gravity of each was dete rmined, and the results 
are given in Table 3 -1. It is seen that the finer fraction has a high 
percentage of ilmenite, while the two coarser fractions have more 
pyroxene. 
f. Saran: A sample of saran was obtained from the Dow 
Chemical Company. It is a thermoplastic with the chemical name of 
Vinylidene Chlo ride . The Handbook of Chemistry and Physics, 38th 
:Edition, gives a complete list of its properties on page 1473. Of main 
interest are the following: w ater abs o rptio n < 0. 1 % in 24 hours at 
. 0 
25 C and effect of cold wate r - none. The sp e cific gravity is listed as 
1. 6 to 1. 8 . By measurement it wa s found t o be 1 . 685 fo r the sample 
us ed. 
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Three size fractions were split from the main sample and 
washed to remove any dust. Experiments were performe d with each 
fraction and then a sample taken from each for analysis. No difficulty 
was encountered in placing the grains under water . 
C. OBSERVATIONS OF GRAIN MOVEMENT. 
Throughout this section, and the remainder of this report, the 
term frequency of pulse or jet is used. In some ways this is a mis-
namer because frequency gives the impression of a r epeating phenome-
non. As outlined below, the observations made were of the movement 
induced by one pulse and not a series of pulses . The frequency of this 
pulse is actually one half the reciprocal of the time taken for the pulse 
to leave the tube. The pulse amplitude, A, is defined to be the volume 
of fluid ejected in the pulse, divided b y the cross sectional area of the 
tube. It is r e lated to the stroke of the piston by the equation A = r ~ 
a 
where dis the diamete r of the piston, a is the diameter of the jet tube, 
and r is the stroke of the piston. 
For a fixed pulse amplitude, the sequence of events at the s and 
bed parallels that described in connection with the turbulence jar, when 
the frequency is incr e ased. With increasing frequency, a point is 
reac h e d at w hic h the grains directly under the tube are fir st disturbed. 
The motion is merely a slight agitation of some of the grains . These 
are the ones that have been left in an unstable pos i tion by the l evelling 
process; in all probability they project slightly above the mean bed 
level. By inc reasing the fr equency slightly , these grains can b e made 
to roll across the bed a long radi al lines emanating fr om the j et axis . 
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After two or three pulses at this frequency all movement ceases. The 
unstable grains have b een rolle d to a position outside the influence of 
the jet, and the remaining ones are not affected by it. The bed at this 
stage still appears undisturbed. With further increas e in frequency 
many grains are set in motion, moving outward from a c e nter as indi-
cated in Figure 3-1 7 . There is a small region in the center which 
remains undisturbed. If this frequ e ncy is maintained, grain movement 
conti nues with each burst until a d e finite scour hole or annular shape 
appears. Eventually an equilibrium stage is reached, at which time 
no further erosion takes place; this occurs only after a considerable 
number of pulses, and a scour hole is always l eft. 
It is convenient, at this point; to introduce a definition of the 
first critical frequency as follows: The first c ritical fr e quency, w1 , is 
that fr e quency w hich is just sufficie nt to caus e motion of a significant 
number of grains with each pulse. This implies that the frequency 
causing the unstable grains to move, is disregarded. 
Increasing the frequency furthe r, results in more violent motion 
and subsequent incre ase in the erosion of the bed. A second critical 
frequency is reached when the type of grain motion changes from 
rolling to l e aping. The height of the leap, which depends upon the 
pulse strength, can be up to i in. , approxi·mately 30 or 40 grain diam -
eters off the bed. The second critical frequency, w2 , is thus defined 
as that frequency w hich is just sufficient to ca.use grains to leave a 
level bed with each pulse. The final phrase is n e cessary becaus e of 
the presence of unstable grains, and a level bed is stip ulated be cause 
the presen::e of a scour hole , or other irregularity, is an aid to 'grain 
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PROJECTION OF 
JET TUBE ON 
THE BED 
Fig. 3-17 Plan view of grain motion caused by a 
pulsating jet at critical conditions for 
moving . Motion t akes p l ace from the 
shade d area in the dir ecti on of the a rrows. 
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leap off'. It is conceivable that a grain which is rolled up the side of 
a s-cour hole, could be launched away from the bed by a ski-jump 
action rather than as a result of the pulse alone. 
At still higher fr e quencies very violent scouring take s place, 
causing the formation of a large crater . Thus, the majority of the 
grains must be thrown outwards from the cente r, and not in a vertical 
path from which they would settle back into the hole and tend to fill it. 
A sweeping action by the jet can be inferred. 
D. EXPERIMENTAL PROGRAM. 
1. Scope 
The experimental program consisted of determining the values 
of the two critical fr equencies, w1 and w2 , corresponding to a given 
pulse amplitude under a wide range of conditions. Observations were 
made using e ach of the six sediments described in Section III-B- 2. At 
least two different grain sizes of each sediment were investigated, 
using three tube diameters and three different tube heights. The tube 
height is defined as the distance from the end of the jet tube to the sedi -
ment b ed. Eight runs were made with w ater-glycer i ne mixtures, four 
with a 24% glycerine solution and four with a 59% glycerine solution. 
The kinematic viscosity of these solutions was d etermined using a 
Canon-Fenske vi scometer, by follow ing the procedure given in ASTM 
Standards, Part 5, 1955, page 192. 
The experiments we re divided into a series of runs. Each run 
" was made up of sufficient observations to determine the relationship 
between amplitude and frequency at critical condi tions, for fixed 
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sediment and fluid properties, tube diameter and tube height. The run 
number has two parts, e.g. Run No. 1-1. The first part indicates a 
particular combination of sediment and fluid. It is referred to as the 
series number. The second part diffe rentiates between different com-
binations of tube diame ter and tube height for the particular series. 
Table 3-2, lists the conditions under which each series of runs was 
made. Within each series, different combinations of tube height and 
diamete r w e re used. Table 4-1, at the beginning of Chapter IV lists 
these in detail. 
To obtain a qualitative picture of the flow field, experiments 
were made using both hydrogen bubbles and a dye solution as flow 
markers. They are reported in Sections IV-D-1 and 2. Measurements 
of the velocity produced adjacent to the s e diment bed were made using 
the hot film equipment a.ndare reported in Section IV-D-3. 
2. Procedure 
The procedure used in making a run was as follows. Values of 
tube diameter and tube height were selected and kept constant, as were 
the sediment and fluid, throughout the run. The bed was carefully 
levelled, and checked by noting its elevation at various points. This 
was done using the jet tube, in conjunction with the scale on the instru-
ment carriage, as a point gage. Adjustments were made to the 
leveller until the reading became constant. The required distance 
from bed to jet was then set. A cam setting, and thus the pulse ampli-
tude, was selected and the corresponding values of the two critical 
frequencies, w1 and w2 were determined. This was done using the 
following steps: 
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TABLE 3-2 
Properties of the Sediments and Fluids used in each Series of Runs. 
Series Sediment Geom. Mean Fluid 
No. No. size mm Density 
slugs/ 
cu ft 
1 1 0.098 1. 94 
2 3 0.564 1. 94 
3 4 0 .825 1. 94 
4 2 0.239 1. 94 
5 3 0.564 2.05 
6 1 0 . 098 2 . 05 
7 3 0.564 2.22 
8 1 0.098 2.22 
9 6 o. 214 1. 94 
10 7 0.456 1. 94 
11 11 o. 271 1. 94 
12 12 o. 525 1. 94 
13 10 o. 112 1. 94 
14 9 o. 810 1. 94 
15 8 0.590 1. 94 
16 15 0.965 1. 94 
17 14 o. 710 1. 94 
18 13 0. 258 1. 94 
19 17 o. 170 1. 94 
20 18 o. 211 1. 94 
21 16 0. 121 1. 94 
22 5 0.087 1. 94 
. . 
*Ys is t he spec ific w e i ght of the sedime nt . 
y is the specific wei ght of the fluid. 
Fluid 
J, Kinematic Ys-Y ... 
V i scosity 5 
-y-
ft2 J sec x 10 
1. 05 1. 65 
1. 05 1. 65 
1. 05 1. 66 
1. 05 1. 66 
2.06 1. 52 
2.06 1. 52 
8.86 1. 33 
8.86 1. 33 
1. 05 1. 49 
1. 05 1. 49 
1. 05 3. 15 
1. 05 3. 12 
1. 05 3. 76 
1. 05 0.04 
1. 0 5 0.04 
1. 05 0.27 
1. 05 0.27 
1. 05 0.27 
1. 05 0.69 
1. 05 0.69 
1. 05 0.69 
1. 05 1. 49 
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i) increase the frequency continuously until the grains appear 
just about to move. This gives an approximate value for w1 • 
ii) shift to a n ew, undisturbed position on the sand bed and note 
the effect of the first few pulses. 
iii) adjust the fr equency as indicated by the results of (ii) and 
observe the effect of the first few pulses at a new, undisturbed position 
on the bed. 
iv) continue in this way until the frequency which just moves 
grains at each pulse is found. This is w1 • 
v) increase the fr e quency continuously until grains start to 
jump from the bed. 
vi) select a new position and note the effect of the first pulse. 
vii) continue until the frequency is found which just causes 
grains to jump with each pulse, from a level bed. This is th e n w2 • 
viii) change the pulse amplitude and repeat steps (i) through 
(viii). 
In each run approximately t e n different values of puls e ampli-
tude were investigated. At each setting both critical frequencies were 
well defined, and could b e reproduce d in any subsequent run. Each r u n 
was done at l e ast twice, and some three times if the scatter of the data 
was considered to be too great. 
Determination of w2 required a little more judgement than was 
necessary for w1 • The reason is that the first pulse will always dis-
turb some grains , (it has a frequency greater than w1 ), and some of 
them may jump. In ·so doing they leave a small crater on the surface 
of th e bed, which could aid jumping on the next pulse. Now if the grains 
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which jumped at the first pulse were only thos e in unstable positions, 
then the value read as w2 will be slightly low. Car e is thus r equired 
iri judging the results of the first pulse, and then deciding if the crater 
formed was significant in assisting jumping at the next puls e . Dif-
ferent obs e rvers may well have varying ideas about the value for w2 , 
but if one observer makes all the r eadings, as in this case, a consis-
tent method or criterion can be established. After the first one or two 
runs the writer felt that his observations were consistent, and would 
not differ greatly from any that might be made by independent observers. 
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CHAPTER IV 
PRESENTATION AND DISCUSSION OF RESULTS FROM 
THE PULSATING JET EXPERIMENTS 
Table 4-1 gives a complete list of the results from all the ex-
periments with the pulsating jet. The dashes correspond to quantities 
which were not determined. In the table, a convention which will be 
used throughout the remainder of the thesis has been introduced. Vari-
ables subscripted with the figure 1, refer to critical conditions for 
moving, and those subscripted with the figure 2 refer to critical con-
ditions for jumping. The number of runs in each series with the ex-
ception of series 10, decreases sharply after the first two series. 
Series 1, 2 and 10 served to determine the effects of both tube diamete r 
and tube height upon the results. As reported mor e fully below , chang-
ing the tube diameter while keeping the pulse amplitude constant did not 
affect e ither of the critical frequencies. The remaining series of runs 
were thus all made w ith the same tube diameter. Only two values of 
tube height were used in each of these series. 
A. AMPLITUDE-FREQUENCY RELATIONS. 
In each run, correspondin g values of critical frequency and 
amplitude .were determine d for both types of grain motion, i.e. moving 
and jumping. When plotte d on logarithmic paper, these variables were 
found to define a straight line of negative slope, indicating that a re-
lationship of the form..!:.__ = constant exists for each run. Her e A is the 
s 
w 
pulse amplitude , w is the corresp onding frequ e ncy and s is the slope of 
TABLE 4·1 
Summary of Reoulto Obtained in the Puhating Jet Experiment• 
Run No. Geom. Fluid Kinematic DiCCerence Tube Tube Jet Jet Slope of Slope of 
Mean Den•ity Viscosity in Spec. Height Diam. Strength Strength 'move• 'jump' 
Sediment p v Wgto . of h K, Ka line line Size Slug/cu ft ft•/ oec Sed. & Fluid a cin cin •, • d mm 
"10
5 v,-v ft in. • 
• lb/cu ft 
1-1 0.098 I . 94 ). 05 103 . 8 0. I . 305 ). 01 I. 69 -0. 61 -0. 67 
1-Z 0.098 ). 94 1. 05 103. 8 0.3 . 305 ). 40 Z.27 -0.68 -0.74 
J-3 o. 098 I. 94 ). 05 103 . 8 0.2 . 305 J. Zl ). 95 -0 . 53 -0.60 
1- 4 0.096 ). 94 I. 05 103.8 0.1 • 244 ). 04 ). 74 -0.64 -0.70 
1-5 0 . 098 ). 94 I. 05 103.8 o. 3 · . 244 ). 45 2. 56 -0.69 -0.66 
1-6 0 . 096 I. 94 I. 05 103 . 8 0.2 . 244 1. zz 2.04 - 0.63 -0.71 
1-7 0.098 ). 94 I. 05 103.8 0. I . 182 0. 80 1. 49 -0.64 -0.75 
1-8 0.098 ). 94 I. 05 103. 8 0.2 . 182 1. 26 Z.26 -0.76 -0.85 
Z-1 o . 564 1. 94 I. 05 103. 8 0.1 , Z44 ). 40 1. 91 -0 . 70 -0. 7Z 
Z-Z 0.564 I. 94 I. 05 103.8 o. 15 • Z44 I. 47 Z.06 - 0.68 -0.71 
2-3 o. 564 I. 9; I. 05 103. 8 o.z . Z44 !. 6Z z. 25 -0.67 -0.71 
2 -4 o. 564 I. 94 I. 05 I 03. 8 0.25 • 244 I. 70 Z. 4Z -0.62 -0.6Z 
Z-5 o . 564 I. 94 I. 05 103. 8 o. l . 305 I. 42 l. 95 - 0.68 -0. 71 
Z-6 o. 564 1; 9-1 I. 05 103.8 o. 15 . 305 I. 52 2, oz - 0 . 65 -0.67 
Z-7 0. 564 I. 94 I. 05 )03. 8 0,25 . 305 I. 66 Z.40 -0. 60 -0.60 
Z-8 0. 564 I. 94 I. 05 103.8 o.z . 305 I. 61 z. 20 -0. 62 -0.6Z 
2-9 o. 564 I. 94 1. 05 103. 8 0, I . J8Z 1. 40 1, 96 -0. 74 -0.75 
Z-10 o. 564 I. 94 I. 05 103. 8 o. 15 , l 8Z 1.64 z. 15 -0.68 -0.69 
2- 11 o. 564 I. 94 I. 05 103.8 o,z , J8Z I. 70 Z.24 -0.74 -
3- 1 o. 825 I. 94 1. 05 103. 8 o. l • 305 I. 64 Z.06 -0. 66 -0.68 
3-2 0 . 825 I. 94 I. 05 103.8 0.2 . 305 l . 84 z. 29 -0.66 -0.64 
3-3 o. 825 ). 94 I. 05 103. 8 0. 1 • 244 I. 62 2. OJ -0.65 -0.66 
3-4 0.825 I. 94 I. 05 103. 8 0. 2 . 244 I. 85 z. 31 -0.70 -0,70 
4-1 0.239 I. 94 I. 05 103.8 0. 1 • 305 ). 16 1. 78 -0. 71 -0.69 
4-Z 0.239 1. 94 I. 05 103 . 8 o.z . 305 1. 35 2.07 -0.65 -0.67 
4-3 0. 239 ). 94 1. 05 I 03. 8 o. 25 . 305 ). 52 2.07 -0. 66 -0.62 
5-1 o. 564 2.05 2.06 100.2 0.2 • 305 I. 48 2. 14 -0.67 -0.68 
5-Z o. 564 Z.05 Z.06 loo . z 0.1 . 305 1. 25 l. 87 -0. 68 -0.69 
6-1 0.098 Z.05 Z. 06 100.z 0.2 • 305 I. 10 I. 80 -0.60 -0.64 
6-z 0.098 Z.05 z. 06 100 . 2 0. I • 305 0,89 1. 67 -0. 60 -0.67 
7-1 0 . 564 z.zz 8.86 94.6 o. z • 305 1. 58 2.46 -0. 63 -0.63 
7-2 o. 564 2. 2Z 8.86 94. 6 0, l .305 I. 26 Z.C8 -0.68 -0.67 
Bed Bed 
Velocity Velocity 
Uo1 Uoa 
ft/aec ft/a ec 
• 308 . 800 
- -
• 315 • 802 
- -
- -
-
-
- -
- -
. . 
- -
- -
- -
. 
-
• 570 I. 03 
- -
- -
• 557 1. 02 
-
-
-
. 
-
• 745 1. 15 
• 7Z6 1. II 
-
- -
.403 • 880 
. 400 • 902 
- -
- -
-
- -
-
- -
- -
,, 
[\y ;• ]l/Z 
3. 9z 
3.8Z 
3. 82 
3. 82 
3. 9; 
3.8Z 
3.82 
3. 8Z 
5Z.8 
5Z. 8 
5Z. 8 
5Z.8 
52. 8 
52.8 
52. 8 
52. 8 
5Z. 8 
52.8 
5Z. 8 
93. 9 
93. 9 
93.9 
93.9 
14. 56 
14 . 56 
14.56 
Z7.0 
27.0 
1. 96 
1. 96 
'j , 86 
5.86 
I 
-.J 
N 
I 
Run No. Oeom. Fluid Kinematic Difference Tube 
Mean Oenolty Viacoaity in Spec. Helght 
Sediment p 
" 
Wgto . of h Size Slug / cu ft tt• f oec Sed. &. Flu id 
d mm x 105 Y, -y ft I 
lb/cu ft 
8-1 0. 098 z. zz 8.86 94. 6 o. z 
8-Z 0.090 z. zz 8. 86 94. 6 o. l 
9 - 1 0. Zl4 !. 94 I. OS 93. 4 0. I 
9-Z o. z l4 I. 9-1 I. 05 93. 4 o.z 
10-1 0.4S6 I. 94 I. 05 93. 4 O. I 
10 . z o. 4S6 I. 94 l. 05 93. 4 o.z 
10.3 0, 456 I. 91 I. 05 93. 4 o. 08-i 
10-4 0 . 4S6 l. 94 I. OS 93. 4 o. l6B 
10-5 o. 456 1 . 9-l I. OS 91. 4 0.?16 
10 -b 0. 4S6 I. 94 l. OS 9$. 4 0, 084 
10-7 o. 4S6 I. 9; I. 05 9 3. 4 ·o. 168 
10 -8 o. 456 I. 94 l. OS 93, 4 o. 216 
ll-1 0. Z7 l · I. 94 I. OS 1% o. 1 
l l-2 0 . 27 l I. 94 I. OS 196 o.z 
I Z-1 0 . 5Z5 I. 94 I. OS 195 0 . 1 
IZ-Z 0. 5Z5 I. 94 I. 05 19S 0 .2 
13- 1 0 . 112 I. 9'I I. 05 ZH O. I 
l 3-Z O. 11 Z !. 94 !. 05 Z34 o.z 
H - 1 0. 8 10 I. 94 I. OS 2 , 496 0 . 1 
14-Z o. 8 10 l. 94 l. OS Z.496 o.z 
15-1 o. 590 I. 94 !. OS Z.496 o . l 
15-Z o. 590 I. 94 I. 05 Z. 496 o. z 
16-1 o. 965 I. 94 I. 05 16.8 0. I 
16-Z o. 965 I. 94 I. 05 16. B o.z 
. 
l 7-1 o. 710 I. 94 I. 05 16. 8 o. l 
17-Z o. 710 i. 94 !. 05 16. 8 o.z 
18-1 0,2S8 !. 94 I. 05 16. s 0. I 
18 .z O.ZSB !. 94 I. 05 16. 8 o. z 
19-1 o. l 70 I. 94 l. 05 4Z. ·1 o. l 
19-Z o. 170 !. 94 I. 0 5 42 . 7 0.2 
ZO- l O. 21 I I. 94 l. OS 4Z. 7 o . l 
ZO- Z 0. Zl I I. 94 I. 0 5 4Z. 7 0.2 
z l -1 o. l z l I. 94 I. 05 4Z. 7 o. l 
2 l -2 0 . lZI I. 94 I. 05 42 . 7 o.z 
ZZ- l o. 087 l. 94 I. 05 93. 4 O. I 
Z2 - 2 0. 0 87 I. 94 I. 05 93. 4 o.z 
TAl!I.lC 4· I (oontlnuod) 
Tube Jet Jet Slope o! 
Diam. Strength Strength 'move' 
& K, Ko line 
In. cln 
eln · ., 
• 305 !. 30 z. 50 - 0. 74 
. 305 !. oz z . l S - 0. 71 
. 30S 0.98 l. 73 .o. 67 
.JOS I. 15 I. 99 .o. 66 
. JOS I. 17 I. 77 .o. 73 
. ~MR I. 36 Z. 06 -0. 67 
. JDS I. 15 I. 89 .o. 75 
.JOS I. 4S z. 10 -0. 66 
. JDS I. 49 z. 10 -0. 63 
.2H I. 11 I. 7 l -0. 75 
.2H I. 30 !. 9 1 . o. 7Z 
.244 I. 4 7 Z. Z7 - 0. 68 
.3 05 I. 30 I. 97 -0. 74 
• 305 l. 4S Z. ZB -0.7S 
.305 I. 56 z .1 1 . o . 75 
. JOS I. 70 z. 30 - 0. 6 3 
. 305 I. 14 I. 9Z -0.70 
• 305 I. 34 Z. Z4 -0. 66 
• 305 0.61 o. 84 -0 . 61 
. 30S 0 . 66 0.88 S -0. 70 
• 305 o. 53 0.81 .o. 65 
• 305 0 . 63 o . 85 - 0. 67 
.305 l. 00 l. 33 -0.65 
• 305 I. 16 I. 38 -0.63 
.305 0.87 . !. 19 -0. 64 
• 30S 1. 04 1: ·z1 -0 . 60 
. 305 0.575 o. 97 -0.6Z 
• 30S 0. 757 l. 05 -0.60 
.305 0.708 I. 40 -0. 6 3 
• 305 0.875 1. 60 -0.61 
• 305 o. 738 l . 4Z -0.60 
. 30S 0.9ZS l. 6 3 -0. 61 
. 30S 0.665 I. 38 -0. 60 
. 305 o . 841 I. 57 -0. 60 
• 305 0.88S l. 67 -0. 64 
. 305 I. 0 3 z. 04 .o. 67 
Slope o! Bed 
'jump' Velocity 
line uo, 
•• 
ft/oec 
-0. 68 
-0.71 
-
-0. 74 .300 
-0. 70 . Z95 
-0. 7S .410 
-0. 69 .404 
-0. 74 . 
. o. 66 
-0. 68 . 
- 0. 7S . 
- 0 . 70 
-0.7S 
- 0 . 7S .493 
- 0. 7S . 4S9 
-0.75 • 690 
-0. 65 . 6Z3 
- 0.69 • 387 
-0. 73 . 390 
- 0. 61 • IZ9 
-0. 73 • 105 
-0 . 60 . 098 
-0. 74 .09Z 
-0. 67 .308 
-0. 64 . 30 Z 
-0 . 68 . Z4 0 
-0.60 . Z43 
-0. 66 .113 
-0. 67 • l Z4 
- 0. 6 7 • 165 
-0.61 • 166 
-0.67 • 176 
- 0 . 67 . 187 
-0 . 64 . 148 
- 0 . 61 . 161 
-0 . 73 • Z46 
-0. 73 . Z36 
Bed 
Velocity 
Uo a 
It{ oec 
-
-
• 834 
• 837 
. 870 
• 890 
-
. 
-
I. OS 
I. 09 
I. 17 
l. 10 
!. 00 
!. oz 
• zzo 
. 180 
• ZlO 
• 164 
• 5ZO 
• 420 
• 4ZO 
• 361 
• Z90 
• Z50 
• 570 
• S5 l 
• 580 
• 574 
• 560 
' 540 
• 800 
• 870 
~ [ \y :: ]llZ 
o. 43 
O.H 
11. 15 
11. IS 
37. 3 
37.3 
37. 3 
37. 3 
37. 3 
37.3 
37. 3 
37. 3 
Z4.S 
Z4. S 
63.5 
63.5 
6. 98 
6 . 98 
14. 13 
14 . 13 
8. 64 
8. 64 
47. 8 
47. 8 
29. 6 
Z9. 6 
6. 61 
6. 61 
s. 99 
5 . 99 
7 . 75 
7. 7S 
3. 58 
3. 58 . 
3. 01 
3.01 
l 
-J 
VJ 
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the line thr ough the data points. Two examples of these plots are given 
in Figures 4-1 and 4-2 . . The upper line on each plot corresponds to the 
. critical conditions for grain jumping and will be referred to as the 
'jump' curve.; the lower corresponds to the critical conditions for grain 
motion and is terme d the ' move' curve. Values quoted for h a nd a refe r 
to the. tube h e ight and tube diamet e r respectively. The runs chosen are 
typical of the w hole set of results . Run 2- 5, Figure 4-1, is one of the 
runs exhibiting small scatter between repeated measurements. Run 
1-6, Figur e 4- 2, is one of thos e which, by i nspection , appear ed to show 
most scatter and gives an idea of the r ep roducibility of the experiments. 
Points from three runs, 1-6-a, 1-6-b and 1-6-c are shown. In spite of 
t he scattering, a line can be drawn through the data, which will d e fin e 
the frequency-amplitude relation. 
The slopes of the lines in all the experiments, w ith a v ery few · 
exceptions which will be dis cussed, varied from -0. 60 to -0 . 75. In 
view of th e inevitable scattering of the data, the line drawn through each 
set of results is actually a line of best fit as determined by eye . Values 
given for the slopes of these lines are therefore subj ec t to small errors . 
In some instances, for example Run 1-6, Figure 4-2, this error may 
be as large as 0. 05. This amounts to one third of the difference be-
tween the extr eme values of the actua l slopes, viz.-0. 60 and -0. 75. 
Hence any dependenc e of slope of th e lines upon tube diamet e r ,tube 
height or sand size, which, if it exists must nece ssarily b e small, w ill 
not b e revealed by the results. Table 4-1 shows that the absolute value 
of the slope of the 'move ' curves, I s 1 j , is in general l e ss than js 2 I , 
the absolute value of the slope of the 'jump' curves. This is borne out 
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5.0 
RUN NO MOVE JUMP 
2.-5- a ® 0 
2-5-b 0 0 
2-5-c ei () 
SLOPE -0.68 -0.71 
2.0 
1.0 
0.5 
0.5 1.0 2 .0 5.0 10 
PULSE FREQUENCY CPS 
Fig . 4- 1 Amplitude-fr equency relations for critical conditions 
of move and jump in Run No. 2-5 . Sand grains, 
d = 0. 564 mm, in water with h = 0. l ft and 
a 
5
= 0. 305 in. 
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10 
RUN NO MOVE JUMP 
1-6-o 0 e 
1-6 - b (D 0 
I - 6-c e ~ 
5.0 - - ----- - ··-- -' . SLOPE -0. 63 -0. 71 
2.0 
1.0 
0 .5 
MK1KKKK_~~~~---~~~~~~_KK_~~~~KKKK_~~~~KKKKKKK_~~~~~~~~~~~--
o.1 0 .2 0.5 1.0 2.0 5.0 10 
PULSE FREQUENCY cps 
Fig . 4-2 Amplitude -fr e que ncy r e lat i o ns for c riti cal conditio ns 
of m ove and jum p in Run No . 1-6. Sand g rains, 
d = O. 0 9 8 mm, in wate r w ith h = 0 . 2 ft and 
a 8= 0. 244 in . 
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by taking an a rithme tic mean sl of all the sl values' and comparing it 
with s 2 , the mean of the s 2 values . The results are s1 = -0. 672 and 
s 2 = -0. 685, a diffe renc e of only 2%. 
Data from a few runs did not plot as singl e straight line s, but 
had amplitude frequency c urves whi ch displayed t wo straight sections 
of different s l opes. One of these runs is Run 2 -11 , the data from 
which are plotted in Figure 4-3. T he change in slope is from -0. 74 to 
about -1. 1. Other runs w hich exhibit these breaks do not have such an 
abrupt change of slope as seen in Figure 4-4 which pres e nts data fr om 
Run 3-4 , which h as the most pronounced br eak in Series 3 . Table 4-2 
lists those runs with breaks and notes the typ e of break in each case . 
'Definite' implies a break similar to that in Figure 4-3. 'Weak ' i m-
plies a break similar to that in Figur e 4-4 . 
TABLE 4-2 
Runs in which the Amplitude -fr equency curves 
c onsisted of two straight sections. 
RUN NO . 
2-3 
2-4 
2- 9 
2-10 
2-11 
3 -2 
3-3 
·3_ 4 
12-2 
TYPE OF BREAK 
weak , jump curve only 
d efinite 
definite , jump curve only 
definit e 
d efinite 
weak, jump curve only 
weak, jump curve only 
weak 
weak, jump curve only 
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RUN NO MOVE JUMP 
2-11 0 ·0 
0.5 1.0 2.0 5.0 10 
PULSE FREQUENCY CPS 
Fig. 4-3 Amplitude-freque ncy relations for critical conditions 
of move and jump in Run No. 2-11. Sand grains, 
d = 0. 564 mm, in water w ith h = 0. 2 ft and 
as= 0. 182 in. 
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.RUN NO MOVE JUMP 
0 3-4 0 0 
2.0 
1.0 
0.5 
0.5 1.0 2.0 5.0 8.0 
PULSE FREQUENCY cps 
Fig. 4-4 Amplitude-frequency relations for critical conditions 
of move and jump in Run No. 3-4. Sand grains, d = 0. 825 mm, 
in water with h = O. 2 ft and a = 0. 244 in. s 
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Runs 2-3, 2-9, 3-3 and 12-2, have breaks only on the 'jump' curve. 
In Section IV-D-2 this e ffec t is considered in greater detail and an ex-
planation offered for it. 
B. DEPENDENCE OF CRITICAL JET STRENGTH ON THE EXPERI-
MENTAL VARIABLES. 
1. D e finition of J et Strength. 
As a measure ofjet strength nece ssary to cause grain motion, 
it is propos ed to take that quantity which remains constant along the 
line of critical amplitude and frequency, for the conditions of interest. 
The basis for this lies in the fact that a grain's resistance to motion 
remains fixed, independ ent of the c hange s in pulse frequency or ampli-
tude. Under conditions just sufficient t o cause motion , or to c ause 
jumping, the forces applied to the grain must be equal to the resistance 
offered by it. The applie d force must then be the same at all points on 
the curve defining critical conditions. 
Since A = constant = K, say on each line the jet strength is 
s 
w 
defined as: 
jet strength = K A 
s 
w 
'The jet strength required to move grains will be K 1 and that to cause 
jumping will be K 2 • The units of jet strength are [length (time )s] 
This unit will be denote d by the l etters , cin whe n the amplitude is 
measur e d in inche s and th e frequency in cycles/s econd. 
(3) 
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The mean exit velocity, U, of the pulse from the tube is given 
by U ::: 2Aw. By substitution, the jet strength can be written in terms 
of this velocity. 
2 
The result is K ::: i ::1 . Now s is approximately 
equal to - 3 , see 
. w 2/3 1 -1 /3 Section IV-A, so K ::: Aw or K = 2 Uw . A con-
venient method of determining K is to note that regardless of the value 
of s, K is numerically equal to the pulse amplitude corresponding to 
1 cycle/ sec. This can be read directly from the amplitude frequency 
curve as determined by the experiments. 
2. Effect of Tube Diameter. 
It can pe seen from Table 4-1 that the effect of tube diameter, 
in most cases, is small. The exceptions are those runs which have a 
break in their amplitude-frequency curves. This suggests plotting the 
results for fixed tube height, sediment and fluid on the same graph. 
Figure 4-5 is such a plot in which the data corresponding to three dif-
ferent tube diameters define a single line with values of K 1 and K 2 very 
close to those given in Table 4-1 for each individual run. 
Curves obtained in this way depend upon both sediment and fluid 
properties as well as upon the tube height. Because the slopes of all 
the lines are essentially the same it is possible to collapse them all 
into one curve by plotting in the dimensionless coordinates AA and JQ._ 
0 WO 
Here A is the amplitude corresponding to w where w is defined to be 
0 0 0 
I cycle/ second. The result on logarithmic paper, must be a line of 
slope --j , through the point (1, 1 ). By doing one experiment at 1 cycle 
per second to determine A , for the sediment and fluid of interest, the 
0 
critical frequency corresponding to any pulse amplitude can then be 
2.0 
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RUN NO a in 
I- 8 0 0 .182 
PULSE FREQUENCY cps 
Fig. 4-5 Amplitude-frequency relations for critical conditions 
of move and jump in Runs No. 1-8, 1-6 and 1-3. 
Sand grains, d = 0. 098 mm, in wate r w ith 
h = o. 2 ft. s 
-83-
found. In Se ction IV- C a better method of determining critical condi-
tions is pres ented, one which does not require any experiments. 
3. Effe ct of Tube Height. 
Increas ing the distance from the end of the j et tube to the sand 
bed, reduces the effectiveness of a given pulse. This is the result of 
the increas e d viscous dis s ipation that occurs with the greater distance 
that the pulse travels. Clearly there is a minimum jet strength which 
a pulse can have, at each tube h e ight, and still be able to reach the 
sediment bed . Figure 4-6 shows that the jet strength r equired for 
grain motion does increase with tube height for each of the s ediment 
sizes shown. The relation appears to be linear and the slope of each 
line to be the same, independent of sediment size . 
Now consider the j e t strength to be made up of two parts, the 
strength r equired to overcome the r es istance offe r e d by the fiuid, and 
the strength r e quir e d to cause grain motion. The f o rmer, Kh, will 
depend upon the fluid , the distance to the b ed and possibly the j e t 
strength K. The latter, K , is a fun c tion of the properties of the fluid 
s 
and s ediment. K may b e c onside red to be the critic al j e t strength r e-
s 
quir e d for a zero tube height. It is also the strength of the pulse 
measured at the bed after it has travelled through the fluid from the end 
of the j e t tube. If the sediment size is increased, and all other vari-· 
ables h eld constant, the increase in critical jet strength comes mostly 
from the K component. Thus for all values of h, the inc r e as e in j et 
s 
strength caused by a give n increase in sediment size will be the same. 
In other words, lines of constant s ediment size on a plot of tube height 
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0.3 0 0.098 
<> 0.239 
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JET STRENGTH cin 
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0.3 
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JET STRENGTH cin 
Fig. 4-6 The effect of tube height, for four different sand 
sizes, d , on the jet strength requir ed to cause 
sand gra~n movement (upper) and jumping (lower) 
in water . Tube diameter a = O. 305 in. 
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against jet strength will be parallel. Figure 4-6 shows this to be the 
case. 
In the lower graph of Figure 4-6, the slope of the lines is less 
than in the upper graph. It is suggested that a reason for this is the 
dependence of Kh upon the jet strength K. At higher values of K, the 
fluid motion inside the puls e must be more intense which would result 
in the pulse experiencing more viscous dissipation. Consequently the 
reduction in jet str e ngth over a given distance will be increased. Since 
the jet strengths are larger in the jump case, the necessary increase 
in K to compensate for a given increase in tube height, will be larger, 
implying that the slope of the jump lines will be less. 
4. Effect of Viscosity. 
Changing the viscosity of the fluid will affect the critical jet 
strength in two opposing ways. First , in a more viscous fluid the 
pulse will encounter more resistance b e fore r eaching the bed, thus 
losing some of its effectiveness. Secondly, at the bed the m echanism 
by which grains are moved will be affected. The action of the pulse is 
to exert a drag forc e upon the grain, which causes it to move. If the 
viscosity is increased, the drag coefficient of the grain increas e s. 
Hence, if two otherwise identical pulses act on a grain, the one made 
up of the more viscous fluid will exert the great e r drag force. By in-
creasing the viscosity one can thus increase the effectiveness of a puls e 
acting on a grain. 
Figur e 4-7 presents the effect upon the je t strength of changing 
the viscosity . All the points correspond to a sand size of 0. 098 mm. 
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TUBE HEIGHT 
0 0.1 ft 
¢ 0.2 ft 
1.8 
1.4 
1.0 
MKS--~_I_~__I---~--~--aK~~KKKKK_~_K_~~KKi-~_K_~~i-~~ 
0 2 4 6 8 
KINEMATIC VISCOSITY ft2/sec· x IOe 
Fig. 4-7 Jet strength required to cause sand grains to move 
or jump as a function of kinematic viscosity. Hollow 
points are experimental , solid points are calculated. 
Values of Ys-Y range from 1. 65, at the left, to 
10 
1. 33 at the light of the horizontal a xis; d = O. 098 mm, 
a = O. 305 in. 5 
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The hollow symbols are actual experimental points and the solid ones 
are calculated values of jet strength. They were calculated by a 
·method presented in Section IV-C below. Before discussing the possible 
interplay of the two effects mentioned above it should be noted that in the 
experiments the relative d.ensity of the sediment and fluid was not held 
· constant as the viscosity was increased. The glycerol solutions both 
had specific gravities in excess of that of water, namely 1. 058 and 
1. 146. By decreasing the relative density of sediment and fluid grain 
motion is aided and one would expect to measure lower values of both 
K 1 and K 2 . 
With this in mind it appears that an increase in kinematic vis-
cosity, to approximately two or three times that of water makes it 
easier for the pulse to cause grain motion. The second effect discussed 
above, must be the dominant one in these conditions. For larger in-
creases in viscosity the r equired jet s tr ength increases sharply, par-
ticularly in the jump cases. This implies that the greater dissipative 
effect of the incr e ased viscosity is of more importance than the increase 
in drag coefficient. The gr e ater increase in the jump case is in keeping 
with the suggestion, put forward in the preceding section, that the 
stronger pulses are more susceptible to the viscous resistance offered 
by the fluid . 
5. Effect of Sediment Size. 
As the sedime nt size is increased the jet strength requir e d for 
move m e nt must incre ase. Figur e 4-8 shows thre e runs with the same 
value s of tube he i ght and tube diame t e r. With increas i ng sediment size 
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5.0 
RUN NO d5 mm 
3-4 0 0.825 
2-3 () Q564 
I -6 0 0.098 
2.0 
1.0 
0.5 
PULSE FREQUENCY cps 
Fig . 4 - 8 Amplitude - frequency relations for critical conditions 
of sand grain movement in water, h = 0. 2 ft, 
a= 0.244 in. 
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the curves are displaced away from the origin while remaining es sen-
tially parallel. To examine the effect of sediment size upon j e t 
strength, Figure 4-9 has been prepare d. All the data on the plot are 
from experiments with sand grains in water. Those points which cor -
respond to the same tube height have been joined. The line marked 
h = 0 was determined from Figure 4-6, by assuming that the· lines in 
that figure can be extended with the same slope to h = 0. The values of 
jet strength for zero tube height can then be found. This is a reasonable 
assumption in view of the suggested breakdown of jet strength into two 
parts Kh and Ks, discussed in the section on tube height. 
Since the effect produced at the bed is the same along lines of 
constant sediment size, the difference in jet strengths, between the 
lines of constant tube height, must represent the increase in jet 
strength required for the pulse to travel the extra distance to the bed. 
It has been suggested that the stronger pulses will have a greater dis-
sipation in moving a given distance. This would imply that the lines of 
constant tube height in Figure 4-9 should diverge with increasing jet 
strength, and that the lines should be spaced farther apart in the ju!Y!-P 
plot than in the move plot. Both these effects are present in Figure 4-9. 
From experiments with the othe r sediments, the dependence of 
jet strength on the sediment size can be derived for a range of values 
Ys_Y 
bf --y- Here y s is the specific weight of the sediment and y is the 
specific weight of the fluid. Figures 4-10 and 4-11 show the 'move 1 
and 'jump' results respectively for a tube height of 0. 1 ft in water at a 
fixed 
Ys_Y 
y 
temperature. The sediment and the corresponding values of 
are given on the plot adjacent to each curv e. Results with 
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0.8 1.0 1.2 1.4 1.6 1.8 2.0 
JET STRENGTH cin 
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Fig. 4-9 The effect of sand size, at thr ee different tube 
heights, on the jet strength required to cause 
grain movement (upper) and jumping (lower ) 
in water . Tube diameter a = 0 . 305 in. 
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Fig. 4 -10 Jet Strength required to move sedimen t g rains 
in water as a function of sedime nt size. Tub e 
h e i ght, h = 0, 1 ft. Numb e rs i n par e nthe ses are 
values of y s -y for e ach sedime nt. 
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Fig. 4-11 Jet strength required to cause grain jumping 
in water as a function of s e diment size. Tube 
height , h = 0. 1 ft. Numbers in parentheses 
are values of y s -y for each sediment. 
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h = 0. 2 ft are similar and are not presented in graphical form. They 
can be obtained from Table 4-1. On the basis of the linearity of the 
results obtained with sand, it has been assumed that the data for each 
sediment lie on a straight line. The two data points for plastic beads 
have been joine d and extended linearly. For the remainde r of the data, 
the b e st straight line through the points has been drawn. D eviations 
from these lines are very small, indicating that the assumption of 
linearity is justified. The data for ilmenite require some e x planation. 
Reference to Table 3-1 will show that the two larger sizes have almost 
equal specific graviti es, but that for the smaller size the specific 
gravity i s much larger, 4. 76 as opposed to 4. 15. For this r e ason the 
lines through the data corresponding to ilmenite in Figur e s 4-10 and 
4 - 11 have been drawn through the t w o points corresponding to the 
larger sizes . In all cases this line pass e d below the third point . 
The r e sults can be summarized by saying that the jet strength 
and sediment size are related by an expression of the form K = G 1 ds +G2 • 
Where G 1 and G 2 are functions of the fluid, the tube height and the dif-
fer e nce in spe cifi c weights of the sediment and fluid . For the particular 
conditions of Figure 4-10, where the fluid and tube height ar e constant, 
Ys_Y 0.22 . 
G1 = 0. 8 (--) and no simple analytical expression could be found y 
for G 2 • This analysis is not pursued furthe r since a more complete 
approach is given in S ect ion IV-C. 
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6. Effect of the Parameter 
ys-y 
The parameter --- is a measure of the relative inertial effect s. 
y 
It is one that has r eceived very little attention in the past, except to 
note that it is responsible for differences in the observed behavior of 
. sediment in air and in water. 
ys-y 
In wind blown sand, values of --- ar e 
y 
approximately 2000, while for sand in wa ter, the value is 1. 65. This 
great difference gives ris e to diffe rent types of motion in the two cas es , 
e.g. saltation is a major transpo rt mechanism in air but a n eglig ible 
one in water. The reason for this lack of attention is not hard to find. 
Virtually all the sedimentation problems encounter ed by hydraulic en-
gineers and research w orke rs in the normal course of their work, are 
concerned with sand grains in water. This situation is r eflected very 
strongly in the published literature on sedimentation. Notable excep-
tions are pape rs by Shields (6), who experimented with sediments hav-
ing a wide range of specific gravities, and Bagnold (3 9) who worked with 
neutrally buoyant particles in connection with his studies on th e suspen-
sion of sediment. At the other end of the spectrum geologists and 
agronomist s , e.g. Bagnold (40) and Chepil (16) h ave made e xtensive 
studies of sand transport by wind. Thus under only two very different 
conditions has transport been well documented, 
ys-y 
the range of p ossibl e values of --y 
leaving a large gap in 
ys-y 
Using the pulsating jet, a range of values of -- can b e inve sti-
y 
gated. This has been done for values ranging from 0 . 04 to 4. 0, a range 
which straddles the sand in water value of 1. 65. In doing this, th e 
other variables in the system e . g . viscosity , j e t geometr y and sediment 
size, must be kept constant. The first two are easily controlled, but 
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the third one is much mor e difficult, if not impossible. It is necessary 
to use the kn!=Jwn relationship b e t ween j e t str e ngth and sediment size 
presented in Figure 4-10. By reading the intersections of lines of 
ys-y 
constant sediment size and cons tant --- , the required values of jet 
y y -y 
strength as a function of _s __ can be found for each sediment size . 
y 
Thr ee sediment si z es, d = 0. 2, 0. 6, and 0. 8 mm were sel ected 
s 
for c omputation and the r e sults are shown in Figures 4-12 and 4- 13. 
Only data for a tube height o f h = 0. 1 ft have been p l otted . Data for 
h = 0. 2 ft, which d e fine curves of the same type, can be found in 
Table 4-1. All the data were taken fr o m e x p e riments in water b e cause 
the kinemati c v iscosity of the fluid was required to be constant. 
In Figure 4-12 two points in each s ediment size are shown b e low 
the curve. One of the m is derived from experiments u sing glass b eads 
and the other fro m exper i men ts with saran. Refere nce to ~igur e s 3- 15 
and 3-16, which ar e photomicrog raphs of these s e diments, shows that 
they both have extremel y rounde d grains. A shape effect is thus indi-
cated. Because of their rou!1dnes s the re sistance offered to the grains ' 
motion, as a result of grain inte r fe r e n ce , will be l e ss than that offered 
to more angular particle s. The critical jet str e ngth w ill thus b e reduced. 
Figur e 4-13 show s that in the cas e of g rain jumping all t h e data lie on 
th e curve . In j umping, a g rain d oe s not encounter as much interfer ence 
a s does one w hich rolls across the surface of the sediment bed. The 
shape effect i s thus minimi zed and the data are no l o nger a ffected by it. 
Other investigators have noticed this shape effect. White (7) made 
allowance for it by introducin g the angle of r e pos e i n to his analysis. 
However , when h is experimental r esults ar e plotted on a Shield ' s 
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diagram it is found that data for steel shot, a rounded sediment, plot at 
To 
appreciably lower values of Shield's parameter, ( _ )d , than do data 
Ys y s 
from experiments with sand in both air and water . Vanoni (24) found 
similar results with glass beads in wate r in his experiments on the 
entrainment of sediments. 
The plastic beads used in the experiments were also very 
rounded, and it might be expected that data d e rived from them would 
plot below the curves for the move conditions. However anothe r factor 
became important in the case of plastic beads, namely, the difficulty of 
working with particles having a specific gravity close to that of water . 
In this range, specific gravity approximately 1. 05, an error of i% in 
dete rmining the specific gravity results in an e rror of approx imately 
y -y 
10% in (-s--- ). In spite of all the pre cautions taken in this dete rmination, 
y 
see Section III-B-1, the possibility of air being present in the pycnometer 
during weighing means that the value obtained, 1. 04, is actually a lower 
bound for the specific gravity . The true position for the data from 
plastic beads is probably a little to the right of the plotted position , and 
thus unde r the curve. 
the jet 
All the curve s in Figures 4-12 and 4-13 
ys-y 
str e ngth to b e less d epe ndent upon - --y 
indicate a tendency for 
as this parameter is 
incr e ased. By plo tting the data on l ogarithmic paper it can b e show n 
that the j e t strength for a fixe d sedime nt size varies as the one fourth 
ys-y 
power, approximate ly, of --- The jet stre.ngth corresponding t o y 
plastic beads did not fit this relation and was highe r than predicted b y 
it. A power law variation cannot be expected to hold f o r small values 
of K b ecause a finite jet strength, Kh' is required for the pulse to 
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reach the bed. The curves cannot therefore pass through the origin, 
y -y 
out should converge to a value of K = Kh as _s __ tends to zero. The 
· Y 
difficulty of determining Kh for each value of K precludes the use of 
K-Kh' which is certainly a more appropriate variable at small values 
of K. At larger values of K, we have K >> Kh and the power law rela-
tion, as given above, appears to be adequate. The sediment size 
determines the value of the proportionality constant in each case. In 
the next section these relationships are explored more fully. 
7. The Effect of the Parameter (ys-y) ds. 
The product of the difference in specific weights of sediment 
and fluid, and the sediment size (y - y)d arises frequently in sediment 
s s 
transport work. For example it is used to form the dimensionless 
shear stress in Shield's (6) analysis and occurs in White's (7) expression 
for critical shear stress. It is essentially a measure of the resistance 
of a particle to drag forces as a result of its immersed weight. 
The parameter arises in a natural way from an analysis of the 
forces which act on a grain in a sediment bed. Drag forces arising 
from the action of the fluid may be written as 
F=Ta.d 2 0 1. s 
where T 
0 
is the shear stress acting on the grains and a.1 is a numerical 
coefficient. The resistanc e offered to motion by the s e diment grain 
depends upon its immersed weight, and can be written 
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where a,2 is a numerical coefficient depe nding upon the grain shape and 
packing. Unde r critical conditions for motion R = F and we have 
'f a d 2 c 1 s 
= ( 0.2 ) ( y - y) d 
0.1 s s 
where 'f is the critical value of T and the ratio o,1 I a,2 is a function of c 0 
the parameter U,:,ds/v where U,:, =~ 
In view of the apparent usefulne ss of the parameter (y -y)d one 
s s 
would expect a well d efin ed r e lationship between it and critical jet 
strength to exist. The j e t strength r equired to move s edime n~ is 
ys-y 
relate d to --- by a powe r law , with the proportionality constant de-
y 
pending upon the sediment size. Multiplying ( y -y) by d will not change 
s s 
the slope of the lines on a l ogarithmic plot of jet str ength, K against 
(ys-y). It will however shift their location. Figur es 4-14 and 4-15 show 
that the multiplication by d actually collapses a ll the d a ta so that it 
s 
defines a single line. Figure 4-14 refer s to a tube h eight of h "' 0. 1 ft, 
and Figur e 4-15 to h = 0. 2 ft. Again, data at the srnalle r values of jet 
strength tend to plot above the line. Both of these figures r e fer to 
critical conditions for grain movement. 
From these plots w e d educe that f or the mechanism by which 
the pulsating jet moves sediment, the following relations hold 
c 
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K1 = 2. 21 [( - )d Jo. 286 Ys y s for h = 0. 1 ft (4) 
and Ki = 2.39 [(ys-y)ds] 0 · 263 for h = 0. 2 ft . (5) 
Whei;i ys - y is in lb/cu ft, and ds is in ft the j et strength is given by the 
above in cin. It is recalled that the fluid viscosity, tube height and jet 
geometry are all fixed, Values of y -y range from 2 lb/ cu ft to 
s 
200 lb/cu ft , and d from O. 1 mm to O. 8 mm. 
s 
That the same parame ter, (y -y)d , which correlates data from 
s s 
many differe~t sediments in flume experiments, see Shie lds (6) and 
White (7), also correlates data from the pulsating j et , is an indication 
that the m echanism of fluid grain interaction is the same in the two 
cas es . 
C. DIMENSIONAL ANALYSIS OF THE PROBLEM. 
The system has eight independent variables; two geo1netric para-
meters, two pulse generation variables, two fluid properties and two 
s ediment parameters. They can be listed as 
h = d istance from jet tube to sand b ed (tube height) 
a = diameter of jet tube 
A = amplitude of pulse 
U = e x it velocity of pulse 
p = fluid density 
v = fluid kinematic viscosity 
d = sediment size 
s 
y 
5 
- y = difference in sediment and fluid specific weights . 
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The burst frequency does not appear. This is because it is 
directly related to the amplitude and exit v e locity of the pulse, viz 
U = 2Aw. It is thus not an independent variable. The choice of y 
8 
-y 
may appe ar unusual, but there ar e two reasons why it was chos e n. A 
physical reason for its inclusion is that gravity enters the problem only 
in the submerged weight of the particle, which is proportional to (y - y ). 
. s 
Use of (y -y) results in a reduction in the number of independent vari-
s . 
ables in the proble m. If it were omitted it would be necessary to 
include the sediment density p , and fall velocity w, in the list, making 
s 
nine variables in all. In this case grav ity enters in with the fall 
velocity. However by replacing p with y -y, one of the variables 
s s 
becomes dependent by virtue of the relation 
w = f(p. (y -y). \)J d ). 
s s 
The fall velocity will thus b e omitted, leaving the e ight variables 
listed above. 
With such a large number of variables the dimensional analysis 
can be done in many different ways. It is certainly not clear a priori 
which choice of dimensionl ess parameters is most useful. Proceeding 
in the usual way three r e ference quantitie s are chosen. For a r efer-
ence length the choice is wide; for a r efe r ence mass the fluid density 
would s eem to be appropriate, while the reference time must come 
from either the exit velocity or the fluid viscosity. 
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Choosing the reference quantiti e s as d , p, v the follow ing 
s 
equation is obtained 
f{Uds, A h a 
d'd'd \) s s s 
By combining the A/d with h/d , an alternative and more us eful ex-
s s 
pression is obtained 
Ud A h f{7• h' d' da 
s s 
Ys -y d 3 
p yF~ } = o. 
For a particular combination of variables to be significant in 
(6) 
such a relation, it should b e capable of a physical interpretation. For 
Ud 
s 
example -- has the form of a Reynolds number. It may be called a 
\) 
system Reynolds number, in the sense that it links the pulse generation 
with both the sediment and fluid properties. As a measure of the damp-
ing effe ct exerted by the fluid on the pulse, the parameter A/h may be 
h a 
a satisfactory one. Togethe r d and d , which are geometrical para-
s s 
meters, define the experimental configuration. 
PS 
The relative mass of sediment and fluid - , where p and p are p s 
respectively the sediment and fluid densities, does not appear in this 
analysis. Since p was not included in the list of eight independent 
s 
Ps 
variables, - cannot appear in the parameters that were derived. The 
p p p y -y d 3 
appearance of{~ - 1) rather than~ in the parameter _s __ + , which 
p p gd 3 p p \) 
s s 
can be writtea as {- - 1) ~I emphasizes the fact that the important p \) 
quantity is not the density ratio but rather the ratio t,.p where t:,p is the p 
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density difference between the sediment and the fluid. Although the 
· density difference does not appe ar explicitly in the work of Shields (6), 
'lo 
parameter viz , ( _ )d which can be written 
Ys Y s 
it is present in the Shields 
U ... 2 
A similar comment applies to the work of White (7) whose ... as------
Ps (-- l)gd 
-p s 
main r esult can be PS written as U ... 2 = 0. 18 (- - 1) gd . 
~ p s 
As noted previously, the tube size a exerts very little effect 
upon the results and can in fact be neglected. This leave s four para-
meters in the problem as_ formulated by equation (6). To obtain an in-
sight into their r elationship, Figures 4-16 and 4-17 have been prepared. 
A Ud 
They show h as a function of 7 . Figure 4- 16 is der~ved from data · 
obtained from the conditions which make grains move. The abscissa is 
u1 ds 
thus cp = - -- , where U 1 is the mean exit velocity of the pulse w hich \) 
just causes g rain motion. 
and the abscissa is thus * 
Figure 4-1 7 corresponds to 'jump' conditions 
U2ds 
- --- where U 2 is the mean exit velocity of \) 
the pulse which just causes grains to jump. The most obvious charac-
teristic of thes e graphs is the separation of the data into groups, in 
each of which the fluid a n d sediment properties ar e constant. Each 
group includes points with different tube heights and tube diameters. 
A differ ent symbol has b een us e d to d enote the data from each series of 
experimental runs , see the table in each figure. It can be s een that 
each group of data points is d erived from one serie s. Runs which ex-
hibited strong breaks in the amplitude frequency curves contribute t o 
the scatter of points from Series 1, 2 and 3. 
~ 
h 
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h The parameter d does not differentiate between the groups and 
s 
in fact is not constant within a group. The other parameter in the 
y -y d 3 
function derived by dimensional analysis, _s __ ~ = 13 2 say, is 
. p \) 
constant in each group and increases from left to right from group to 
group. The fact that all the ·groups arrange themselves according to 
the value of l3 is an indication that i3 is one of the important parameters 
of the problem. 
As such, i3 should be capable of a wider interpretation than that 
of a paramete r that happened to turn up in a dimensional analysis. This 
can be found by introducing the shear stress, 'f
0
, which existed at the 
bed at the time of grain motion. Now 
d a 1 
l3 = [ys-y _.;._ J 2 
p \). 
where S is Shi e lds parameter and Re>:< is a Reynolds numbe r bas~d on 
shear velocity , U>:< =r;;:. Thes e two parameters are the ones that 
Shields (6) used as coordinates to define his curve of critic al grain 
motion. Here the ratio of the parameters defines the curve . on which 
the data must lie. Another interpretation of 13 can be found by consider-
ing the expr es sion for the fall velocity w, of a particle in free fall, 
4 gds ys -y 
wa =- -- ---
3 CD y 
whe r e CD is the drag coefficient and g is the gravi-
tational acceleration. Rewriting this expr ession we have 
where R 
e 
wd 
s 
v 
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- 4 . 132 v2 
-3CD ~ 132 = ~ C R 2 4 D e 
is the Reynolds number of a particle in free fall. Now 
CD is a function of Re. 
and thus 
For R < 1. 0, the Stokes Range, C = 24/R 
e D e 
132 = 18R 
e 
For higher values of Re' CD cannot be expressed analytically as a 
function of R but has been well defined experimentally. The parameter 
e 
j3 can thus be considered as a function of the particle Reynolds number 
based on the fall velocity. As such it would seem an appropriate para-
meter to describe the critical conditions for grain jumping. 
By defining new variables cp 
0 
and iy 
0
, as the values of cp and 1r 
which correspond to A /h = 1, and plotting them as functions of~" the 
dependence of group position on 13 can be determined. The table in 
Figure 4-16 lists corresponding values of 13 and cp
0
• Corresponding 
values of j3 and iy
0 
are listed in the table in Figure 4-17. Using the 
plots. of cp
0 
and 1ro vs j3, lines of constant f3 can be drawn in on the 
A /h -cp diag~am and the A /h - iy diagram. This has been done, and · 
Figures 4-16 and 4-17 show an aux iliary scale of 13 along the top. It is 
assumed in doing this that all the data define lines which have the same 
slope; that this condition is met can be seen fr.om the Figures. 
The result of plotting cp
0 
and 1r 
0 
as functions of j3 is shown in 
Figures 4-18 and 4-19. For value s of j3 greater than about 6, the re is 
a linear relation with both cp
0 
and 1ro. For small values of j3, (s ee the 
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insets in each Figure) the dependence is again linear but with a differ-
ent slope. A transition region exists between the two linearly d e pendent 
regions. The values of j3 in this transition region are approximately 4 
to 5. For the Stokes range, j3 2 = l 8R and R < 1. 0 which implies that 
e e 
j3 = ./18' = 4. 2 is the upper limit of this range. It is also the upper 
limit of the first linear portion of the relations between cp
0 
and j3, and 
Using Figures 4-16 and 4-17 it is possible, given values of d , 
s 
p, h, \!, and Ys -y to determine combinations of A and w that will cause 
either grain motion or grain jumping. Fir st j3 is computed, yielding 
say a value which is denoted by j3 >:<. Using the scale of j3 on either 
Figure 4-16 or 4-17, a line of j3 = 1PD:~ can be drawn on the diagram. It 
is parallel to the 13i = constant line s already drawn and passes through 
Ud 
Any pair of values of A /h and __ s_ which lie on 
\) 
j3i.< on the scale of j3. 
this line, will determine pairs of values of either A and w. or A and U, 
whichever is desired. 
An alternative method which allows the jet strength to be com-
A Ud s x puted directly, is as follows. Figure 4-16 shows that - = C (--) 1 h 1 \) 
where C 1 is a constant for a given value of j3, and x 1 is the slope of the 
lines of constant f3. Recalling that U = 2Aw, we derive 
_l_ 2d xl: 
= (hC) 1-xl (--s) 1-xl 
1 \) (7) 
-Xl 
1-x Now Aw 1 must be equal to the jet strength of a pulse w ith amplitude 
A and frequency w • This can b e seen by realizing that for constant j3 
and h the lines in Figure 4-16 are actually plots of pulse amplitude 
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against jet velocity. If they have a slope of x 1 , this implies that the amp-
litude-frequency curves must have a slone of __::i_1x = s. The jet strength ~ -xl 
-s · 1-x is defined as K = Aw and thus K = A w 1 as state d above. From Fig-
ure 4-16, x 1 = 2.11 and xl/l-x1 = -0.68 which should be compared with 
the mean value, sl = -0 . 672; of the slopes of the amplitude-frequency 
curves determined in Section IV-A-1. 
A The value of C 1 is known because at h = 1, 
we have C 1 = cp0 -x1. Substituting into equation (7) 
Ud 
s cp
0 
and thus 
K, "h [ ~:h JO. 68 (8) 
where cp
0 
is known from the value of f3 and Figure 4-18. It is pointed 
out that the units of j et strength in this relation are correct. The term 
in the bracket has units of time, and with -0. 68 = s the units of Kare 
[length (time)s] . 
Similarly for the jump case we have x 2 = - 2. 20, -2Sa_ = s 2 = - 0. 688 l-x2 
(c. £. s 2 = -0. 685 in Section IV-A-1 ), C 2 = *o -xa and 
Given values of h, p, v. d , y -y, one can now calculate the 
s s 
required jet str e ngth for moving and jumping, by using Figures 4-18 
(9) 
and 4-19. As an example, cons i d e r the problem of moving g lass beads 
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in a 50% glycerol solution. Assume the mean diameter of the beads to 
be O. 305 mm. Then we have: 
d 
s 
-3 
= O. 305 mm = 10 ft 
v = 5. 71 x 10- 5 ft 2 /sec 
p = 2 . 19 slug/cu ft 
ps = 4. 84 slug/cu ft 
Calculating 13, we get '3 = 3.44 and thus from Figure s 4-18 and 4-19, 
<ft, = 3. 4 and ~o = 8. 6. Assume h = 0 . 1 ft. 
__ h [~C!-sh J-0. 68 Now, by equation (8), K 1 
'Yov 
= 0.1 x (1.03)- 0 · 68 
To get K in cin it is necessary to multiply by 12 because h was in feet. 
Thus K 1 = 1. 18 cin, and similarly K 2 = 2. 24 cin. 
D. INVESTIGATION OF THE FLOW FIELD. 
1 . Hydrogen Bubble Technique s. 
Using the equipment d esc ribed in Section III - A- 2, hydrogen 
bubbles were introduced into the flow field of the pulsating jet. The 
dominant feature of the flow field produced by the j e t was a vortex ring, 
concentric with and moving along the axis of the jet towards the s e di-
ment b e d. Figure 4-20 shows two photographs of the rings. The left 
hand picture, (a), shows the hydrogen bubble w ire in a horizontal 
position near the end of the jet tube. Three rings can b e seen. One is 
in the cente r of the photog raph and the other t w o are very close t o , or 
even on the b e d. The right hand picture (b), was taken using the j e t 
tube as the cathode. A Stroboscope lamp flashing at 10 cycles I sec , 
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(a) (b) 
Fig. 4-20 (a) Flow field of a pulsating jet. Three vortex 
rings can be distinguished; two adjacent to 
the b oundary and one moving in the fluid . 
Scale: 1. 6 x full size. 
(b) Multiple exposure of a vortex ring as it 
moves towards a boundary. Scale: 2 x full 
size. Frequency of the exposures , 10/s ec. 
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provided the illumination while the camera shutter was held open during 
the pas sage of the ring to the bed. Many images were thus obtained on 
the same photographic plate. 
For the conditions of pulse amplitude and frequency under which 
these photographs were take n, the ring is not affected by the presence 
of a boundary until it reaches a position adjacent to that boundary. In 
both pictures the ring diameter appears to be constant throughout the 
motion towards the wall . An estimate of the translational velocity of 
the ring can be obtained from the spacing of adj acent images in Figure 
4-20b. It is seen that the velocity is practically constant , u ntil the 
ring almost reaches the wall. Adjacent to the wall the rings spre ad out 
with a corresponding decrease in the dia1neter of the core . Accompany-
ing this spreading, is a great increase in the fluid velocity within the 
ring. These effects are very similar to thos e predicted for the behav -
ior of vortex rings by the inviscid theory of classical hydrodynamics. 
The main difference being that in the experiments the r i ng had to be 
very .close to the wall before any spreading took place. The theory 
predicts spreading at larger distances from the wall. 
It was at low frequencie s that the behavior of the ring approached 
that of the inviscid predictions. Here the ring would spread noticeably 
as the w all w as approached, and would finally- settle down and 'sit on 
the bed'. Figure 4-21 shows a photograph, taken using dye as a tracer, 
in which the ring appears to die at the wall and just remain on the bed. 
The structure of the second and third rings as they move towards the 
bed can also b e seen. At higher freque ncies the rings became 'trans-
lation dominated ', in that they were completely uninfluenced b y the 
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Fig. 4-21 Vortex rings approaching a boundary. Pulse 
amplitude O. 747 in., puls e frequency 1 eye/sec, 
tube height 0. 2 ft, tube diameter 0. 305 in. 
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· presence of the wall until they actually crashed into it. They then 
appeared to bounce back from the wall before disintegrating and mixing 
with the other fluid . 
Those rings capable of moving sediment grains we re of the small 
spreading and, at higher values of jet strength, of the translation domi-
nated types. Limited measurements on photographs showed that little 
or no spreading took place until the ring had travelled a distance from 
the tube of approximately 0. 9 times the tube height . Then either a 
rapid spreading or total disintegration occurred. 
2. Studies Using Dye. 
Additional studies of the flow field were made using dye d fluid 
to form the pulse. Photographic records of the puls e movement were 
made with both still and motion pictures. 
The dye solution was made up using a dye powder and methyl 
alcohol in water in such proportions as to ensure that the dye solution 
had the same density as the fluid in the tank. This was accomplished 
by trial and er ror. After setting the desired amplitude and fr e quency, 
.the end of the jet tube was placed in a beaker containing the dye solu-
tion. Dye was then sucked up into the tube by turning the pump through 
a complete suction stroke. This ensured that all the fluid ejected f;rom 
the tube on the first exhaust stroke would be dyed. The tube was then 
transferred to the tank, and care taken to see that the pump started 
from the neutral p o sition preceding an exhaust stroke. 
Motion pictures were taken at 64 frames/ second, using 16 mm 
color film, Ektachrome ERB 430, which was processed commercially. 
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· The still pictures were taken using Kodak Royal Pan film, exposed at 
f5. 6 for 1 6-o second. In both cases the flow field was lit from the back 
through a translucent screen. A small amount of oblique lighting from 
the front was used to illuminate a scale placed in the field of view . 
Some excellent photographs of the formation and disintegration 
of vortex rings have been made by Magarvey and MacLatchy (44) and 
(45). They photographed the motion of a smoke jet, into still air, from 
the end of a tube. The disintegration of the resulting vortex ring upon 
impact with a boundary, perpendicular to its direction of motion, is 
also shown in a series of photographs. 
The main purpose for the dye studies was to find an explanation 
of the break in slope, referred to in Section IV-A , that occurred in 
some of the amplitude-frequency curves. With the change in amplitude-
frequency relationship that accompanies this break, one might have ex-
pected that the initial movement pattern of the grains would have been 
altered. However, the particles exhibited the same type of motion at 
critical frequencies, on both sides of the break. In some runs it was 
noticed that a different pattern of movement did occur when the bur st 
amplitude was very large, e.g. Run No. 2-10 with A = 5. 30 i n. Here 
the motion did not occur spontaneously and then suddenly stop, as it 
did in most other cases, but the grains continued to move for an appre-
ciable length of time after the initial disturbance. The impr e ssion 
given was of something being poured onto the surface rather than im-
pacting onto it, suggesting that perhaps a continuous jet was act ing for 
a short instant of time. 
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Three films were made with a view to explaining these slope 
changes in terms of the flow characteristics. In each film, the tube 
diameter and tube height were chosen to correspond to those in runs 
exhibiting breaks. The table below lists these conditions. · 
. TABLE 4-3 
Jet Configurations under which Motion Picture Films Were Made. 
Film No. Tube Diameter, a Tube Height, h Run No. 
1 o: 182 in o. 2 ft 2-11 
2 0.244 in 0. 2 ft 3-4, 2-3 
3 0.305 in o. 2 ft 3-2, 12-2 
Each film was made up of a number of sequences taken at different 
pulse amplitudes and frequencies, such that all points of interest in the 
amplitude frequency plane were investigated. 
Four main features were observed. They can be listed as 
follows: 
(1) At large amplitudes rings did not form at all. 
(2) At intermediate amplitudes part of the dyed fluid formed 
into a ring. 
(3) At low amplitudes rings were formed. 
(4) At high fr equencies the second ring caught up with and 
disturbed the first ring. The tube height is also an important factor in 
determining w hether or not the rings interfere w ith each other. 
For ease of discussion, the types of motion observed have been 
split into categories and will be refe rred to b y the letter adjacent to 
the description below . 
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a. Rings form and travel unmolested to the bed. 
b. Rings form and interfere with each other before reaching the 
bed. The second merges with the first and then impacts onto 
the bed. 
c. Rings form and interfere with each other. The second passes 
through the first and separates from it before impacting onto 
the bed. 
d. The front portion of the jet rolls up into a ring which travels 
to the bed. A small portion of the fluid does not go into the 
ring and follows as a tail. 
e. An elongated jet with a well defined head forms. The flow 
is apparently laminar throughout. 
f. An elongated jet forms and tends to break up into a turbulent 
jet before reaching the bed. 
g. A completely turbulent jet forms. 
Figure 4-21 shows an example of a type a jet. If the second ring inter-
feres with the first ring before the wall is reache d, the jet then becomes 
a type b or type c. Types e, f and g jets are shown in Figure 4-22. 
The conditions under which each was formed are noted on the Figure. 
A detailed description of film No. 1 will now be given. The 
conditions correspond to those in Runs No. 1- 8 and 2-11. The former 
has a very weak break on the jump curve while the latter has distinct 
breaks on both curves. Figure 4-23 shows the results obtained. The 
small letters adjacent to the circled points indicate the jet type at that 
particular point. Both 'move' and 'jump' curves for Run 2-11, are 
shown together with the 'move' curve of Run 1-8. The 'jump' curve of 
• -
' / -
TYPE e JET TYPE f JET TYPE g JET 
A= 4.24 in w=0.43 cps A= 3.18 in w = 1.05 cps A= 4 .24 in 
Fig. 4-22 Examples of jet types e, f, and g. The conditions under which 
each was formed are noted adjacent to each jet. Tube diameter 
O. 182 in . in each case . 
w = 1.05 cps 
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8.0 
RUN .NO h ft d mm 
2-11 0.2 0.564 
-·- ~ -
JUMP I - 8 0.2 0.098 ---5.0 
0 0 f g 
' 
0 0 
' 
e g 
2.0 0 g 
' 1.0 ~ o a ~a
0.5 
~~ 
' 
MKOi--~~--DK__~~~~~~~~~-D-~~~~~~--D~~~~ 
0 .3 0.5 1.0 2.0 5.0 
PULSE FREQUENCY cps 
Fig. 4-23 J e t ~ypes derived from Film No. 1, plotted 
on the amplitude-frequency plane of Runs 
No. 1- 8 and 2-11. Tube diameter is 0. 182 in. 
for both runs. 
8.0 
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Run 1-8, which has b een omitted for the sake of clarity, is parallel to 
and displaced to the right of the 'move' curve of Run 1-8. 
For fixed, small amplitude, A < 1. 2 in. and for increasing 
frequency, the jet typ e change s from type a to type b and then to type c. 
-This indicates that the second ring overtakes the fir st at an earlier 
stage in the sequence, if the frequency is increased. The translational 
velocity of the ring is considerably less than the exit velocity of the 
pulse. At high frequencies the first ring has not moved very far from 
the end of the tube by the time the second ring has formed. In such 
cases one ·ring will influence the motion of the other. Whether or not 
they intertwine during the seque nce, then d epends upon the tube h e ight. 
At large amplitudes A > 2. 0 in., as the freque n cy increases a transition 
is made from a jet with smooth appearance, type e, through type f, to 
one having the appearance of a turbulent jet, type g. Under these con-
ditions the momentum of the fluid ejected from the tube, is sufficient 
to p enetrate the ambient fluid as a continuous j e t. As the exit velocity 
increases the jet becomes more turbulent. 
Betwe e n the amplitudes of 1. 1 in. and 2. 0 in. there is an· abrupt 
change of j et t ype with amplitude. If a finer mesh of points had b e en 
investigated, some typed jets wo uld probably have smoothed this trans-
ition. For Run 2-11 it is in this region that the break in slope occurs. 
However, Run 1-8 which also passes through this r egion has no break 
on the move curve. Figure 4-23 shows that no type f or type g jets 
are encountered. The jump curve, which has a slight deviation at the 
upper end, passes through the r egion of type f j ets . 
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Since the type of jet formed is independent of the tube height, 
with the exception of a, band c types, it is possible to fonn some con-
clusions from this film regarding other runs with the same tube di-
ameter but different tube height. Two such runs are 1- 7 and 2-9 which 
both have tube heights of 0. 1 ft. Figure 4- 24 shows the curves for 
these two runs superimposed on the grid of jet types. Run 1-7 shows 
no breaks and passes only through regions of type a and type e jets. 
Run 2-9 has a break on the jump curve as it passes through the region 
of type f jets . 
Film No. 2 was taken of sequences in which the tube diameter 
was 0. 244 in. and tube height 0. 2 ft. The same pattern of j et types in 
the amplitude-frequency plane was observed. Regions of type f and 
type g j ets were smaller than those encountered in Film No. 1. Those 
curves from Runs 2-3, 2-4, 3-3 and 3-4 which showed breaks, did so 
in the type f and type g r egions. 
Film No. 3 was taken of sequences in which the largest tube, 
a = 0. 305 in., and a tube height of h = 0. 2 ft were used. The most 
interesting feature was the absence of the type g jets, and th e very 
small regions of types e and f jets. Of the runs made with this tube 
diameter, only thos e two runs with the largest jet strength, Runs 3-2 
and 12- 2 showed any breaks. Both were weak breaks on the jump 
curve and occurred in the region of type f jets. 
To summarize the results prese nted in this section, it may be 
concluded that: 
(1) The e x planation for the change in s lope of c e rtain of the 
amplitude- fr e que ncy curves lie s in the fact that the j e t type change s 
c 
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8.0 RUN NO h ft d mm 
I - 7 0 . 1 0.098 ----
5.0 2-9 0.1 0.564 
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Fig. 4-24 Jet types derived from Film No. 1, plotte d 
on the amplitude -frequency plane of Runs 
No. 1-7 and 2-9. Tube diameter is 0. 182 in. 
for both runs. 
8.0 
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from a vortex ring to an elongate d j e t with a turbulent appearance, as 
the jet strength is incr e ase d. 
(2) Those amplitude-frequency curves which do not pass 
through the type for type g regions, have constan t slope. 
(3) The type d and type e jets are a transition betwee n the 
vortex ring and the turbulent jet. The y have no noticeable effect on 
the amplitude -freque n c y curves. 
3. Fluid Velocity Adjac e nt to the Bed. 
It has been shown that for each s e dime nt there is a d e finite 
critical value of the j e t strength K 1 which is just sufficient to cause 
grain motion. For each .pair of value s of A and w that combine to give 
the same j e t strength, the flow c o nditions pro d u c e d adjac e nt to the 
sediment b e d are the same. This implies that the re must b e a relation-
ship between these conditions and the jet strength. It will n e cessarily 
depend upon the fluid propertie s a n d the tube h e i ght. As rep resentative 
of the flow conditions at the bed, it is proposed t o use the fluid v elocity 
produced by the puls e at the bed. 
During a pulse cycle the velocity at any poin t on the bed is first 
zero, the n grow s to a max imum and falls t o zero again as the pulse 
goes by. The max imum velocity tha t occurs at a p o int during this 
cycle will .v ary with the distanc e fr o m the tube axis. In this inve stiga-
tion it is the large st of the s e max ima which is of interest. For it is 
assume d that the p o int at w hich it occurs is the point of most vigorous 
attack o n the sedime n t g rains. L e t this max i m um v elocity b e d e noted 
by U . In S e ction III- C it w as n o t e d that the init ial moveme nt takes 
0 
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place in an annular shaped region centered on the tube axis. Measure-
ments showed the m e an diameter of this region to be 1. 5 to 1. 8 times 
the tube diameter. Hence, in order to determine the fluid velocity at 
the critical conditions, it is necessary to dete rmine the maximum 
velocity which occurs at a distance of 1. 6 times the tube radius from 
the tube axis. This velocity is U . Accordingly the hot film sensor 
0 
was placed in this position. 
The hot film sensor measures the magnitude of the velocity 
vector at the position of the sensor. No information is given as to the 
direction of this vector. It is however, perpe ndicular to the longitud-
inal axis of the sensing element because the horizontal component is, 
by symmetry, directed radially outwards from the jet axis. For this 
study it is the magnitude of the velocity vector that is of interest, 
because this is the fluid velocity that. the sediment particle experiences 
and the velocity that gives rise to its motion. 
A typical trace of the output signal from the hot film sensor as 
given by the Sanborn recorder is shown in Figure 4-25. It corresponds 
to a jet strength of 0. 85 cin and a maximum velocity of 0. 23 ft/ s ec . 
Traces from three consecutive pulses are shown. The third one is 
squashed in a horizontal direction, b ecause the drive motor for the 
recorder paper was switched off after the second pulse. Ther e is a 
rapid rise to the maximum velocity and then a gradual fall, followed 
by another rapid rise when the second pulse reache s the bed. The three 
maximums have the same value w hich show s that at this pulse frequency, 
0. 75 cps, the interference of one pulse with another is n egligible. 
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Fig. 4-25 Section -of Sanborn recorde r output for a jet 
strength of O, 85 cin and a maximum velocity 
at the hot film sensor of 0. 23 ft/ s e c. Tube 
height, O. 1 ft; each division on the paper is 
1 mm; pape r spe ed, 25 mm/ sec. 
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By doing a series of runs at different jet strengths, the relation 
between maximum bed velocity U and jet strength can be determined. 
0 
This was done for tube heights of h = O. 1 ft and h = 0. 2 ft. The results 
are shown in Figure 4- 26. The plotted values of velocity are average 
values determined from nine separate trials at the corresponding jet 
strength. Three different combinations of pulse amplitude and fre-
quency were used for each value of the jet strength. Three trials were 
made with each combination. The maximum difference between the 
high and low value over all the trials at a given jet strength, was 
about 8%. 
From Figure 4-26 the bed velocity can be written as a function 
of the jet strength as follows: 
u 
0 = 
O. 31 Kl. BO h 
uo = 0.22K
1
·
91 h 
where U is given in ft/ sec when K is in cin. 
0 
= 0. 1 ft 
= o. 2 ft 
For a constant value of U the difference in jet strengths for 
0 
(1 O) 
(11) 
h = 0. 1 and h = 0. 2 must reflect the additional jet strength required for 
the pulse to travel the extra distance to the boundary. The difference 
increases as U and hence as K increases; it is 0. 14 cin at U = 0. 15 ft/ 
0 0 
sec and 0. 30 cin at U = 1. 5 ft/ sec. This is in keeping with the sug-
o 
gestion that was made in Section IV-B-3 regarding the dissipation 
suffered by a puls e . That the two line s conv erge for larger v alues of 
U
0 
is understandable since, as U
0 
increases, the difference in jet 
strengths must become a smaller and smaller fraction of the total jet 
strength. It is unreasonable to e xpect the power law relation to hold 
for very large valu.es of U , because there is a point at which the two 0 . 
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JET STRENGTH K cin 
Fig. 4-26 Velocity produced at a boundary by the 
pulsating j e t as a function of j e t strength. 
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lines cross. To reach these velocities was beyond the capabilities of 
the apparatus. The power law relationship cannot hold for small values 
of U either, because as U tends to zero, K tends to Kh, the jet 
0 0 
strength required for a pulse to reach the bed. This is a similar 
situation to that encountered in Sections IV-B-6 and 7, where a more 
appropriate variable for this range of jet strengths is K-Kh. The two 
points corresponding to K = 0. 7 cin are below the line and probably 
indicate the start of this deviation. 
It is concluded that for the values of bed velocity investigated, 
a power law relationship exists between the bed velocity and the jet 
strength. The constants in this relation depend upon the tube height. 
This rather fortuitous choice of the range of bed velocities , was die-
tated by the values of jet strength measured in the experiments . 
4. Fluid Trajectories. 
The preceding section presented results for the magnitude of the 
velocity vector adjacent to the sediment bed. By photographing the 
motion of neutrally buoyant plastic beads under the action of a pulse, 
an indication of the trajectory of the fluid elements can be obtained. 
This will then give an idea as to the direction of the velocity vector. 
Figure 4-27 shows some typical pictures. of the b ead motion. 
The jet strength increases from 1. 01 cin in the upper picture, to 1 . 42 
cin in the center picture, to 2.13 cin in the lowe r picture . Since the 
frequency of the stroboscopic lights was the same for each picture, 
20 flashe s/ second, the spacing of the beads is indicative of their r ela-
tive velocities. It is clear that the velocities ar e higher at th e higher 
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JET STRENGTH 
K = 1.01 cin 
K = 1.42 cin 
K=2.13cin 
Fig. 4-27 Motion of neutrally buoyant plastic b e ads in 
the flow field of a pulsating j e t. Tube h e i ght, 
h ~ O. 1 ft in eac h c ase. 
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jet strengths. In the lower picture the velocities are so high that it is 
difficult to determine exactly the path followed by the bead. The vertical 
velocities are much higher in this picture, where the jet str e ngth cor-
responds to that r equir e d to cause 0. 525 1nm ilme nite t o jump. The 
other two pictures correspond to c onditions causing motion of 0. 098 mm 
sand (upp er) and motion of O. 564 mm sand (center). 
The b eads all follow a curved path a way from the bed, confirming 
the e x istence of a vertical velocity component adjacent t o the bed. The 
entrainme nt hypothe si s of Section II- C assumed the existence of such a 
velocity component, the magnitude of which partly d e termined the re-
sultant behavior of the grains. If the flow p a ttern pro duced by the 
simplified concept of a turbulent eddy, r e s embles the actual flow pat-
tern produced by an eddy on impact w i th a bounda ry, then the existence 
of a v e rti c al velocity component near the b ounda ry can b e infe rr e d. 
The laboratory m odel would b e a b etter r epresentation of th e natural 
condition s , if a horizontal velocity · component we r e superimposed onto 
the flow fie ld. This would not affect the vertical velocitie s h owever. 
The ques tion is r eally whether or not the structure of an eddy is similar 
to that of the puls e . In the l a b oratory model, the vertical velocity c o m-
ponent arises from the spinning motion in the vortex ring, which is 
intensified as · the r ing spreads near the wall. It is not unreasonable t o 
e xpec t a turbule nt eddy to h ave a s tru cture w hich would permit a spin-
ning motion. It would cert a i n l y not b e as r egula r a structur e as that of 
a vortex r ing , but parts of the resultant flow pattern may 'vvell b e 
simil ar . In Chapter V investigations in a l aboratory flume, which ex-
amine thi s point more thoroughly are d e tail ed. 
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In Figure 4-27 the two particle paths on each photograph are 
not always symmetrical, because one bead may initially have been 
slightly further from the jet axis than the other and thus starts its 
motion at a different time. Each path finishes at the same instant, i.e. 
when the camera shutter was closed. 
The vertical velocity of the beads can be determined from the 
photographs. However this velocity is not the maximum experienced 
by the grain, because the plastic bead starts to move before the maxi-
mum is reached. This happens in spite of the fact that the time re-
quired to reach the maximum, see the previous section, is very small. 
Two different experiments served to make this clear. Firstly, 
measurements of the horizontal velocity of the beads gave results that 
1 1 
were only 4 to 3 of the maximum values recorded by the hot film 
sensor. Secondly, an experiment was done with both the hot film 
sensor and a bead in the flow field. The record from the hot film was 
marked when the bead started to move. Inevitably this mark was made 
during the time of velocity increase. In effect, the bead was displaced 
by the first portion of the pulse and was not exposed to the highest 
velocities. 
The most important aspect of this set of experiments is the 
proof that a pulsating jet of the_ type used, is capable of producing a 
vertical velocity component adjacent to the bed. 
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E. THE MECHANISM BY WHICH THE PULSATING JET ENTRAINS 
SEDIMENT GRAINS. 
1. Initiation of Motion. 
Pulses with strengths slightly greater than the critical value 
for grain motion cause the grains to roll across the bed in radial lines 
centered on the jet axis. Motion is brief and occurs each time a pulse 
r eaches the bed. Grains move because the force exerted on the1n by 
the fluid motion within the pulse exceeds the restraining forces. The 
immersed weight of the grain and the forces arising from the inter-
ference of neighboring grains make up these restraining forces. 
When the pulse passes over the grains it exerts a shear stress 
upon them. This is not shared equally by all the surface grains be-
cause the sediment bed is not a plane boundary. Those grains which 
are more exposed by virtue of their position )n the bed are the ones 
which start to move. They do so by rolling about their point of support. 
Under these conditions the resultant force on the grain is a drag force 
aris ing primarily from the pressure distribution over the grain's ex-
posed surface combined with the skin friction forces. 
2. Suspension of Grains. 
Pulses with strengths exc e eding the second critical value, K 2 , 
cause grains to jump from the bed. To see how this is accomplished, 
the motion of the neutrally buoyant particles described in Section IV-D-4 
is first considered in greater detail. Under the action of the pulse, 
these particles followed a curved path leading away from the bed. 
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Since the lucite base of the tank is impe rvious, there can be no 
vertical velocity right at the boundary. However, the b e ads have a 
finit e diameter (approximately i mm), and thus only a small portion of 
the bead is in direct contact with the boundary. Clos e examina tion of 
the pictures in Figure 4-27, shows that the b ead first rolls across the 
boundary and then is lifted from it. This indicate s that the direction 
of the fluid velocity vector i n the immediate n e ighborhood of the particle 
changes as the pulse approache s the bed. The pulse from the tube is 
actually a vortex ring. First the fluid disturbed by the approaching 
ring moves away from the jet axis parallel to the bed. This is indicate d 
diagrammatically i n Figure 4-28a. As the ring appr oaches the b o undary 
the bead is rolled until it r e aches a position where the spinning motion 
within the ring g ives rise to a velocity vector, in the neighborhoo d of the 
bead, w hich is inclined to the boundary. See Figure 4- 28b. At this point 
the b e ad starts to rise from the bed. 
Experiments with only five or six sediment grains on a solid 
boundary produced the same r e sult. Namely, the grains first roll 
across the boundary and then are proj ected up into the fluid. Because 
of their greater ine rtia, the s e diment grains do not necessarily loop 
around as the neutrally buoyant particle s do. If the j e t strength is 
large enou gh, however, they can be made to f o llow a path similar to 
that of the lighter particles. 
On a sedime nt bed, the re ar e always grains in a positio n at 
which the velocity v e ctor adjacent to the b e d b e come s inclined to be 
horizontal when th e ring r eache s the b e d. The se are the one s which 
are project e d up into the flow . The g rains in this r egion w hich project 
!MOTION OF RING 
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Fig. 4-28 (a} Diagrammatic representation of flow about a par ticle on 
a solid boundary as a vortex ring approaches. 
(b} Diagrammatic representation of flow ab out a particle on 
a solid boundary under the action of a vortex ring. 
The dashed arrows indicate the velocity vector of the fluid 
motion near the particle. 
,_. 
v.i 
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above the mean bed level, are in the sa~e situation as the grains on a 
flat surface, i.e. they experience the greater portion of the boundary 
shear. The resultant force on thes e grains will be greater than that 
required to move them, because the jet strength, K 2 , is greater than 
the critical value for grain motion. In moving, the grain must neces -
sarily roll up onto its neighbor. This increases the exposure of the 
grain and places it furthe r above the mean bed level. In this position, 
the inclined velocity vector adjacent to the b e d can act on the grain. 
The vertical component of this vector increases with jet strength, 
see Figure 4-27. At the critical j e t strength for jumping, it must reach 
a value greater than the fall velocity and then the grain is projected 
away !rom the bed. Once a few grains have left the bed, the remaining 
ones are more exposed and can be lifted by the same process until the 
ring has moved over them. 
Other effects can aid the suspension of grains from a sediment 
bed. One is the pr e sence of hydrodynamic lift which arises from the 
asymmetry of the flow over a grain. Jeffreys (1) showed that a cylinder 
in potential flow would lift from the bed. In the case of sediment. in 
water, there is neither potential flow nor a cylinder on which it can act. 
There will however be some lift exerted on the grain. That it is insuf-
ficient to lift a grain is shown by the fact that grains on a solid surface 
roll first before they are projected from the bed. The author feels that 
vertical forces arising in this way, can at most aid the process by 
which a grain is suspended. 
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• Another possibility is that the fluid from the ring actually pene-
trates into the bed and then flows from between the grains . This is not 
necessary for grain suspension as shown by the experiments w ith a few 
grains on a solid boundary. It may however be pertinent in the case of 
high velocity flow over a flat b e d. In such a system the layers of grains 
near the surface may well b e in a very loose state and any fluid flowing 
out from the bed would have a d e finite effect upon their motion. Section 
V-F discusses this flow regime in greater detail. 
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CHAPTER V 
SEDIMENT ENTRAINMENT BY TURBULENT FLOWS 
A. INTRODUCTORY klq~ 
The process of s ediment entrainment by turbulent flows will 
now be conside red in detail. The validity and appropriateness of the 
pulsating jet model proposed and explored in previous chapters is fully 
discussed. To do this the flow structure adjacent to the bed must first 
be examined, and then compared to that which r esults from the action 
of the pulsating jet. 
The essential features of the pulsating jet model were the inte r-
mittent nature of its action, which gave sudden, brief increases in the 
velocity around the grains, and the existence of a vertical velocity com-
ponent adjacent to the bed. S ection V-B presents evidence which shows 
these two effects to be present in a turbulen t flow in a laboratory flume. 
A discussion of previous workers 1 results is given, together with some 
photographic evidence obtained by the w riter. The resultant picture of 
the flow structure is then matched with that assume d in the entrainment 
hypothesis. 
The remaining sections of this chapter discuss the various flow 
regimes that occur in conjunction with a sediment bed. Section V-C 
treats the problerri of initiation of motion on a flat bed of sediment 
grains; V-D, the initiation of motion on a dune covered bed; V-E, the 
suspension of sediment from a dune cover ed bed; V-F, the suspension 
of grains from a flat bed by the action of a high velocity turbulent flow . 
The applicability of the impinging eddy hypo the sis is discus se.d in each 
cas e . 
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B. FLO.W STRUCTURE ADJACENT TO A BOUNDARY 
The flow structure next to a boundary depends strongly on the 
shape of the boundary. If the boundary is composed of loose sediment 
grains there are t wo contrasting cases; a flat bed and a dune covered 
bed. We consider first the structure of a turbul.ent boundary layer 
over a flat bed. 
1. Discussion of Previous Work. 
Section B, Chapter II, presented a brief survey of the published 
literature on the flow adjacent to a boundary. It was shown that flow 
+ U,,, 
sublayer (y == y ____:_ < 10) was intermittent, and that velocity 
\) 
within the 
variations did exist adjacent to the b ed. Little was said about the 
structure of the fl ow . One paper that treats this aspect in great detail 
is that of Runstadler , Kline and Reynolds (21 ) . They investigated a 
fully developed turbulent boundary layer , with a constant free stream 
velocity, over a flat plate in a free surface water flow. Free stream 
velocities ranged from 0. 2 ft/ sec to 0. 75 ft/ sec and gave rise to 
boundary layers with a thickness of approximately 3 or 4 inches. Both 
dye inj ec tion and hydrogen bubble t echniques were us e d for flow 
visualization. 
From their observations of the flow near the wall they concluded 
. + 
that in the wall layers (y < 10), the flow was highly three- dimensional 
with large fluctuations existing ve ry near the wall, down to y + < 0. 5. 
The flow had a pr edominantly longitudinal streaky appearance; regions 
of low streamwise velocity fluid alternated, in the transver s e direction, 
with r egions of higher streamwise velocity fluid. These streaks oscil-
lated and ·c ould be se e n breaking up. In addition, large fluctuations 
were observed in which r egions of slow moving fluid were frequently 
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ejected away from the wall with a swirling eddy motion. The ejected 
fluid came almost entirely from within the wall layers. Over a long 
period of time the break up and ej ection could be seen at all points on 
the wall, and it was thus possible to define and measure a mean fre-
quency of ejection per unit area. Typical values w e re 0. 0592 (in2 sec)-l 
-1 
at U = 0 . 434 ft/sec and 0. 276 (in2 s ec) at U = 0. 750 ft/sec, where 
co co 
U is the free stream velocity. 
co 
There was no speculation as to the cause of the break up of the 
streaks which, it was postulated, resulted in the ejection of fluid from 
the wall layers. H owever, it was pointed out that continuity considera-
tions imply, since there is an outflow of fluid from the wall, that there 
must also be an inflow to the wall. Runstadle r visualized this as being 
a diffuse flow composed of rather large eddies which were thought to 
be acted on by viscous forces in the wall layer to produce new low 
velocity fluid (str eaks). At a later time the break up and ejection cycle 
would start again. 
Favre, Gaviglia and Dumas (41) have published the results of 
extensive correlation measurements made in turbulent boundary layers. 
Their results have some unexpected features which can be explained in 
terms of the flow structure just outlined. Runstadle r does this in his 
report using the concept of a diffuse inflow and an outflow compo s ed 
of eddies hav i ng an elongated streaky appea.rance. With a specific flow 
structure in mind it is possible to predict the result of correl ation 
measurements; but, to argue in the opposite direction, and deduce a 
flow structure would be 'lirtually impossible . 
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Favre measured the correlation between values of the streamwise 
velocity at two different points. He defined a correlation coefficient as 
R 11(T, X 1 , X 2 , X 3 ) wher e Tis the time delay, X 1 is the streamwise 
separation, X 3 is the separation in a direction perpendicular to the 
plate and x2 is the separation in the lateral direction (perpendicular to 
X 1 and X 3 ), and was equal to zero for all his measurements. The sub-
script 11 refers to the velocity compone nt measured at each point; in this 
case the streamwise velocity was measured at both points. For given 
values of X 1 and X 3 there is an optimum time delay that will make R 11 
a max imum. Favre has plotted his results for this value of T. The 
·striking featur e of the se plots is that the locus of points of maximum 
correlation does not resemble a streamline at positions close to the 
wall ( y + ~ 3 5 ) . + Near the edge of the boundary layer, y = 900, the 
locus is quite similar to a streamline. A point of maximum correlation 
is defined as a point at which the correlation coefficient reache s a 
maximum for a fixed separation distance and optimum time delay~ The 
line of maximum cor r elation for points close to the wall bends outwards 
from the wall in both upstr e am and downstream dire ctions . Runstadler 
pres e nts arguments to explain this in terms of his flow struc ture . They 
are based upon the assumption that the struc ture of an eddy will deter -
mine the magnitude of the correlation coefficient in its dir ection of 
motion and also p e rpe ndicular to this direction. For example, in the 
ejected eddies the correlation coefficient in th e dir ection .of motion will 
b e greater than that in the direc tion of motion of an incoming eddy. In 
the p erpendicular directions the incoming eddy may b e expect e d to have 
the larger coefficient. S ee Figure 5-2, page 155. 
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Another result of Favre 1 s that is unexpected, is the existence 
of a non zero optimum time delay for points separat~d a distance that 
is perpendicular to the wall, i.e. X 1 = 0, X 2 = 0. When the movable 
point is further from the wall than the fixed point, the delay is negative; 
it is positive when the points are reversed. The diffuse inflow eddies, 
being more highly correlated perpendicular to the direction of motion 
than are the ejected eddies, will exert a greater influence on the corre-
lation coefficients along a line perpendicular to the plate. When the 
movable point is further from the wall than the fixed point, the time 
delay would be negative if the diffuse eddies were flowing towards the 
wall. The diffuse inflow I elongated outflow structure is thus consistent 
with these effects deduced from measured correlations. 
In making these arguments, a number of liberties have been 
taken by the authors. Only one component of velocity has been corre-
lated and this could have led to some over-simplification. Measure-
ments of fluctuations that have been made so close to the wall, y + < 100, 
must be interpreted with some reservation because the fluctuations are 
comparable in magnitude to the mean velocity. In spite of these ·restric-
tions, by being able to explain measurements of velocity corre lations in 
terms of a flow structure based on observations, Runstadler has made 
a significant contribution. Evidence for the e x istence of the flow stru c -
ture, proposed in his wall layer hypothe sis, is strengthened by Favre's 
results. 
Runstadler, having observed the ejection of fluid from the wall, 
has assume d the pres e n : e of an inflow which h e visuali zed as b e i ng one 
of diffus e e ddies. The write r would like to r e v e rse this argument and 
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postulate that the ejection of fluid is linked more strongly to the incoming 
eddy; actually, that it is the result of the incoming eddy. The argument 
then becomes the following : turbulent eddies impinge onto the boundary 
and continuity implies that there must be an outflow from the boundary, 
which may take place in the form of streaks as observed by Runstadler. 
The impinging eddies will have the structure that is predominant in the 
core of the boundary layer. 
General considerations of turbulent flow l ead to the conclusion 
that eddies are regions of the flow in which the turbulent motions bear 
some relation to each other. They ar e usually pictured as being fluid 
balls or lumps (see Schlichting (36) page 458). Actual details of their 
shape are not know n, but the terminology suggests that a rounded or 
oval shape might be expected. Eddies of this type would be called 
diffuse by Runstadler, so there is no contradiction with the structure 
he proposed. A slightly different interpretation has howeve r bee n 
placed upon it. 
It has been assumed above that the flow conditions outside the 
wall layer affe ct those inside the laye r. Additional evidence for this 
assumption has been provided by Townes (33). H e conducted an investi -
gation on the flow over sets of square cavities ranging in size from 
~ in. to 1 in. The flow could be classified in terms of a roughne ss 
u ... 
parame t er defined as e>!< = E: __: where E: is the cavity depth, U ..,. is the 
\) . ~ 
shear velocity and v is th e kinematic v iscosity of the fluid. 
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At low value s of e>:< the flow in the cav itie s w as unsteady and 
changed in a random way among four different flow patterns. The 
patte rns range d from one of g e ntle inflow to the cavity, to one t e rmed 
"strong exchange 11 in which a large part of the fluid in the cavity was 
ejected. Two pheno m e na obse rved by Tow n e s during the unste ady 
cavity flow sugg est the importance of outside velo city fluctuations. 
First, succe ssive cavitie s often had the same flow patte rn at the same 
time , which indicated that the dis turba nce probably originated in the 
main flow and was not bound to the cavity. S e condly, patte rns some-
times appe ared to travel to successive downstr e am cavities as if they 
were being transporte d by the outside flow. 
At high value s of e ':' , ( e>!< > 200), the flow becam e more stable. 
In this range the cavity depth was larger, and turbule nt bursts from the 
main flow could not p e n e trate de eply enough into the cavity to change 
the flow patte rn. Only fluid n e ar the opening w as disturbe d by bursts; 
the main cav ity fl ow w as, according to Towne s 11 a fairly steady vortex 
driven by she ar forc e s at the interface with th e external flow 11 • 
Townes, in his concluding summary, states his belief that the 
disturbance s r esp onsible f o r the unst e ady flow at low values o f b:~DK 
come from the boundary lay e r flow outside the cavities. This w riter 
endor s e s Tow nes' s b e lief. 
2. Dye Studie s. 
Experiments in which dye was injected into the sublaye r o f a 
turbulent flo w ov er a sediment b e d, we r e d one by the author in the 
flume des c ribed in Section III-A-5. Dye flowed slowly from a r e s e rvoir 
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through a Tb- in. diameter tube placed beneath the grain surfac e . The 
end of the tube was inclined slightly upwards. The flow rate was 
adjusted so that dye emerged very slow ly from b etween the grains. At 
zero free stream velocity the dye remained as a layer on the grain sur-
face, showing no tendency to ris e from the bed. At non zero free 
stream velocities the dye moved downstream as a sheet, the main body 
of which remained adjacent to the grains. Viewed from above, the dye 
cloud had a pronounced streaky appearance. These streaks wavered 
intermittently and at times quite violently, indicating the presence of 
lateral velocity fluctuations adjacent to the bed. 
When viewed from the side the dye l ayer could be seen breaking 
up and portions of it moving i nto the main flow in intermittent gusts. 
Between these bursts the dye cloud remained adjacent to the grains as 
it moved downstream. Dye l eft the bed in the form of long wavy fila-
ments. Sometimes two or more would coalesce to form a wider band. 
The head of the filament lifted from the bed and was immedia te ly 
carried downstream by the higher velocity in the core of the boundary 
layer. Combined with the upward motion this caused the dye to follow 
a curved path. Most of the paths were inclined to the bed a t angles 
0 0 between 10 and 20 , approximately. There we r e some w hich had much 
greater inclinations, the dye streak being projected a considerable dis-
tance from the bed. in a short time. A strong initial impetus must have 
b een given to the dye particles in such cases. Filaments did not always 
leave the bed in planes parallel to the mean flow. Some were seen to 
move laterally before b e ing turned dow nstream by the mean velocity. 
Many of the filame nts left the bed with a swirling motion about an axis 
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paralle l to the downstream direction. There did not app ear to be any 
consistency in the direction of the swirl. This was observed als o from 
directly above the dye cloud a nd it contributed to the w avy appearance 
mentioned earlier. Further from the bed, in the more fully turbulent 
· region of the flow , the dye filaments we re distorted and broke up into 
a diffuse cloud of dye. 
Figures 5-1-a and 5-1-b show a series of frames from a 16 mm 
motion picture taken of the dye streaks. The mean flow velocity was 
0. 741 ft/ se c and the depth -,vas 0. 332 ft. The sand used for the boundary 
was S ediment No. 2 with d = 0. 239 mm. Grain motion was critical 
s 
under the fl ow conditions given above. The film was take n at 16 frames I 
second and the scale is 0. 4 x full size . The flow direction is from l eft 
to right. In the first and second frames a burst has just l e ft the bed. 
The dye str eak, which is the dark portio n across the center of th e fi·=ld 
of view , then r emain s close t o the b ed for the next four frames . The 
first frame in the second column, Figure 5-1 -a , shows the start of a 
violent burst. Filaments appear over the w hole w idth of the frame , 
approximately 4 inches. The next two frames show the dye cloud rising 
furth e r from the b ed to a maximum e l evation which e xceeds half an inch . 
The disturbance can then b e s een d ying down, and the d ye streak returns 
to a position adjacent t o th e grains in the third frame of Figure 5-1-b. 
In the remaining fr ames a mu ch weake r burst can be s een. It appears 
as a sin~le filament w hich rises from the b~d and disappears in the 
downs tr e a m direction. Such a burst has little observable e ffect upon 
the sediment g r ains . 
-~I~ .... ""!., ......... ~:~r .•. .-
Fig. 5-1-a 
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TIME TIME 
O. 00. sec O. 375 sec 
O. 125 sec 0. 50 sec 
O. 25 sec O. 625 sec 
16 mm motion picture frames of a dye stream 
injected into the sublayer of a turbulent flow 
o.ver a sediment b e d. Film speed: 16 frame s I s ec , 
mean flow vel oci ty: O. 741 ft/ s ec, depth, 0. 322 ft. 
Scale: 0. 4 x full size. Flow direction is l eft t o 
right. 
-152-
TIME TIME 
O. 75 sec 1. 125 sec 
·I 
! 
0. 875 sec 1. 25 sec 
1. 00 sec l.375sec 
Fig. 5-1-b 16 mm .motion picture frames of a dye stream 
inje c t ed into the sublayer of a turbulent flow 
over a sediment bed. Film speed:. 16 frames/sec, 
mean flow velocity: 0. 741 ft/ s ec, depth 0. 322 ft. 
Scale: 0. 4 x full size. Flow direction is left to 
right. 
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Figure 5-1-a shows that the time required for the dye to rise 
from the bed is very small, e.g. the time inte rval b e tween the sixth 
and seventh frame s is h. s e cond and the dye has been projected to a 
height of approx imate ly {-inch in this time. N e ither the intermittency, 
nor the rapidity with which the dy e ris e s ,is consistent with the process 
of molecular diffu s ion through the sublayer to the turbulent flow. Ob-
servation of grain motion as the dye is ejected from the wall layers 
provides an insight into the process. At the critical conditions for 
0. 239 mm sand, show n in Figure 5-1, the fr e quenc y with which dye was 
ejected from b e d was such that the grain moti on at each bur st could b e 
observed, Grains moved only during the larger bursts. At flow veloci-
ties in excess of critical, the grains moved with a jerky but continuous 
motion. This motion is d es cribed in detail in the nex t section. Unde r 
these conditions the more violent grain motions could be correlated 
with the stronger dye ejec tions. 
The presence of a boundary compos e d of loose grai ns gives 
these observations an important advantage o ve r those of Runstadler (21 ). 
Both experime nts show d ye streaks leaving th e wall. However, in the 
present expe riments it is possible to establish a link b e tween the dye 
ejection and the l a rge disturbanc e s whic h occur i n the sublaye r. Earlier 
in this section it w~s suggested that the dye ejections were a result of 
the intrusion of turbulent eddies into the sublayer. Furthe r suppo rt for 
this concept is provided by the correlation b e tween grain motion and 
dye ejections. 
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3. The Writer 's Concept of Grain Entrainment. 
The fluid motion near a wall is visualized, as a result of the 
above discussion, as an interchange of incoming and outgoing e ddies 
superimpos e d onto a mean flow. The outflow is typified by concentrated 
bursts of low momentum fluid, while the inflow is typified by eddies of 
a somewhat larger size w hich are composed of relatively high momentum 
fluid from the outer fl ow . Figur e 5-2 shows, in a pictorial way, the 
writer's concept of the predominant eddy structure near a wall. The 
figur e is similar to one which appears in Runstadler's report (21). 
Eddies are shown approaching and l e aving the wall along curved paths. 
The eddy shape s are inferred from arguments made in explaining Favre's 
results. The entrainment hypothe sis, Section II-C, was based upon the 
existence of such a structure. Figure 2-1, which shows only one eddy 
and its inte raction w ith the sediment g rains, is actually a simplified 
form of Figure 5-2. 
Section IV-E discussed the mechanism that the author suggests 
is respons ible for grain entrainment by the pulsating jet. In the turbu-
lent b oundary layer the pulse of th e jet is r eplaced by a turbulent eddy 
which makes contact w ith the bed. It i s postulate d that the mechanis m 
of grain entrainment in the boundary layer is the same as that outlined 
for the jet. At the initiation of motion th e eddy, as it impacts onto the 
bed, incre ases the shear stress on the exposed porti ons of the g rains 
causing them to r o ll. In suspending grains the action of the eddy is two-
fold. First, in conjunction with the m ean flow v elocity, it rolls the 
grain into a position in whi ch the vertical ve l oci ty compone nts n e ar the 
b e d can influence it. Dye studies , r eported above , showed that these 
b~b OF 
DIRECTION OF- MEAN FLOW 
DEPARTING 
EDDY 
WALL LAYER 
Fig. 5-2 Idealized concept of the predominant eddy structure in the wall region 
of a turbulent boundary layer. 
I 
.... 
\J1 
\J1 
I 
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components were present very close to the grain surface. Secondly, 
the eddy, as a result of its internal fluid motion, provides the vertical 
velocity component adjacent to the bed. When the magnitude of this 
component is comparable with the fall velocity of the sediment, those 
grains which are sufficiently above the mean bed level to be affected 
by it, can be suspended. 
It can be asked whether the pulse of fluid formed by the pulsating 
jet provides a sufficient ;representation of an incoming eddy. To answer 
this fully would require a knowledge of the actual structure of the im-
pinging eddy. Unfortunately such information is not available. It is 
unreasonable to expect the vortex ring (see Section IV -D-1) of the 
pulsa~ing jet to represent an eddy exactly. However, the gross features 
of each may be similar. Since the pulsating jet is at best a simplified 
version of the actual conditions in a boundary layer, similarity of the 
important features of each system is all that is necessary. Theim-
portant features of an eddy are: its identity as a fluid region having an 
intrinsic and coherent motion, and the brief period of time for which it 
can interact with the bed. A vorte x ring possesses both of these proper-
ties. The motions within the eddy will not be as regular as those in the 
vortex ring. A swirling motion that resembles, at least in part, that 
of a vortex ring, can however be expect ed. In such cases the two 
structures are similar and the pulsating jet is a suffi.cient representation 
of the eddy action. 
A difference between the pulsating jet experiments and the con-
ditions in a stream flow is the pres e nce of a hori z ontal veloc ity in the 
latter. Superimposing a horizontal velocity field onto the pulsating jet 
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has two major effects. Firstly, it is more difficult for the pulse to 
reach the bed and secondly, at the bed there is a mean shear stress 
caused by the horizontal flow which can assist the pulse in its action 
on the sediment grains. Section V-C, below, gives a more complete 
discussion of these effects together with a brief report on experiments 
performed with a jet in a cross current. Addition of this horizontal 
flow will not alter either of the important characteristics of the j et, 
namely its intermittency and its ability to cause vertical velocities 
adjacent to the bed. 
In summary, Section V-B has presented evidence of velocity 
fluctuations in the wall layers and of the existence of vertical velocity 
components near the wall. A flow structure which would give rise to 
these effects has been presented and the entrainment mechanism out-
lined. The structure is consistent with the entrainment hypothesis of 
s ·ection II-C. It is perhaps not the only structure which fits the experi-
mental observations, but physically it is a reasonable one and it also 
has the advantage of being able to explain measurements of velocity 
correlations. 
The ability of turbulent eddies to disrupt the sublayer and make 
contact with the wall is basic to the entrainment hypothesis and the re-
sultant pulsating jet model. The ideas discussed above 0.o not prove 
conclusively that eddies can reach the bed, but the writer feels that the 
evidence in favor of such an hypothesis is very strong. 
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C. INITIATION OF MOTION ON A FLAT BED 
Consider the action of a turbulent flow over a levelled bed of 
loose sediment grains. At very low velocities the flow is unable to 
move individual grains and the b e d remains undisturbed, acting as a 
rigid boundary. By increasing the flow vel ocity a critical value can be 
reached at which the grains start to move. The critical velocity 
depends upon the fluid and sediment properties, and the flow depth. A 
detailed discussion of the initial motion is given late r in this section. 
I. Pulsating Jet Experiments. 
The experimental results, obtained with the pulsating jet, which 
are relevant to this problem are those found under the conditions re-
ferred to as 'move'. Briefly reviewing the main f e atures of these 
results, it is recalled that : (1) Pulses with values of jet strength, K, 
less than a critical value K 1 , do not disturb the grains. The jet 
strength was defined as K = Aw- s, where s is the slope of a plot of log 
A against log w. A is the pulse amplitude, and w the pulse frequency. 
Pulses with K > K 1 cause grains to move from a small area of the bed 
with a rolling motion. 
(2) The value of the critical j et strength K 1 is a function of the 
properties of the sediment and fluid, and of the tube height. 
(3) The flow field created by the pulse adjacent to the sediment 
grains is one in which the fluid velocity is first zero, then rises rapidly 
to a maximum and falls off to zero again. The. maximum value of the 
velocity is dependent not only upon the value of K, but also upon the 
position relative to the jet axis at wh i c h it was measured. Grains 
rolled across the bed under the action of the drag forces exerted by the 
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fluid when its velocity was greatest. A vertical velocity component, 
directed upwards, was induced adjacent to the bed by the spinning 
. motion within the pulse. Under the 'move' conditions it was insufficient 
to cause grains to leave the bed. 
In Section IV-D-3 the relation between jet stre ngth and maximum 
bed velocity was developed. By using it togethe r with the relation be-
tween critical jet strength and grain size, the b e d velocity at critical 
conditions can be found as a function of grain size. Table 5-1 compares 
these values with some results obtained from the field and from experi-
ments in laboratory flumes . 
TABLE 5-1 
Comparison of Critical Bed Velocitie s in the Pulsating Jet M odel with 
Results Obtaine d in Laboratory Flumes. 
Sand Siz e Jet Strength Critical B ed Velocity ft/ ~ec 
d mm K, Cln 
s Sutherland Shields Mavis and 
Laushe y 
0.098 1. 01 0.308 0.279 0 . 226 
0.239 1. 23 0.439 0.410 0.338 
0.564 1. 42 0.575 0.625 0.495 
0.825 1. 64 0.729 0.722 0.589 
Value s listed under Shields were computed by V a noni from the data 
given on Shield's diagram. Vanoni assumed a velocity profile of the 
·u ... k 
(-.... s) h . w ere k is the sand grain rough-\) s form u~ = 5 . 75 log y/ks + ar 
.... 
ness, assumed to be equal to the mean grain size , and a is a known 
. r 
function of the boundary R e ynolds numb e r . The vel ocity quoted is that 
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at an elevation of y = ks = ds or y = o = 11. 6 r~K- , whichever was the 
-.-
larger. Values listed under Mavis and Laushey were computed from 
a formula for critical b ed velocity presented by them in refe r ence (37). 
Velocities measured by the author are close to those of Shields 
and highe r than those of Mavis and Laushey. The quoted values, being 
···· mean velocities, are c e rtainly less than the velocity adjacent to the 
particle when it moves under the action of a turbulent burst. Even 
without this reservation, the agreement between the critical velocities 
derived from the pulsating jet experiments and tho·se observed in turbu-
lent flows is very good. 
In Section IV-B-7 the relation between jet strength K, and the 
parameter (y -y) d was derived. It could be written 
s s 
for h = 0. 1 ft 
and K = 2. 3 9 [ ( - ) d ] 0 . 2 6 3 Ys Y s for h = 0. 2 ft 
(4) 
(5) 
where (y -y) is in lb/cu ft, d is in ft, and K is in cin. The relation 
s s 
between jet strength and bed velocity is known for these two values of 
h from Section IV -D- 3, viz 
U =0.308K1 · 79 
0 
U = 0. 226 Kl. 9o 
0 
for h = 0. 1 ft ( 10 ) 
for h = 0. 2 ft (11) 
where U 
0 
is in ft/ sec and K is in cin. Combining equations (4) and (10) 
and equations (5) and (11) the bed velocity as a function of (y - y)d can 
s s 
be found: 
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(12) 
(13) 
Since the bed velocity required to move grains is independent of the bed 
distance, these two equations must have the same constants. Taking 
mean values: 
(14) 
with (y -y) in lb/cu ft and d in ft. 
s s 
This relation can now be compared with those published by in-
vestigators who did their work in the field or in laboratory flumes. 
Since the weight of the particle, W, is proportional to its diameter 
cubed, we have that d 3 a. W a. U 6 which is the sixth power law pro-
. s 0 
posed by Brahms and Airy in 1 753. They stated that the heaviest particle 
of a given specific gravity which a flow is capable of moving, is propor-
tional to the sixth power of the velocity. 
Mavis and Laushey (3 7) published a formula for critical bed 
velocity, viz 
u 
0 
1 
=-d 2 s 
4/9 ·112 
{s - 1) · ft/ sec 
where s is the specific gravity of the sediment, and d , the sediment 
s 
size, is in mm. This is the formula used in compiling Table 5-1. It 
can be written 
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U = 0. 8 ( y -y)l/ 2 d 419 ft/sec 
0 s s 
with the san-ie units as equatio n (1 4) . 1\1avis and Laushey's formula 
agrees well with the data for coarser sediments (d > 1 . 0 mm), and 
s 
gives values too low for sediments in the range d < 1. 0 mm, where the 
s . 
pulsating j et experiments were done. Taking this into account the two 
relations are · comparable. 
'f 0 
White (7) d etermined that ( y - -y)d = 0. 18 tan 8 for conditions 
s s 
of laminar flow about the grain. H ere, T is the critical bed shear 
0 
stress and 8 is the angle of repose of the sediment. He suggests turbu-
lence factors of up to 4 or 6 when the flow is turbulent. If one assumes 
that T a. U 2 , then we get U a [(y - y }d J 112. The numerical factor 
0 0 . 0 s s 
cannot be determined without making further assumptions. White made 
his experiments under many different conditions; he re we will consider 
only thos e made with a horizontal sand bed under a turbulent boundary 
layer. T wo of the experiments which fit thes e conditions have boundary 
R eynolds numbers of 480 and 1280. Flow in both cas e s is thus in the 
completely rough regime. The velocity profile is then given by 
= 5.75 log J + 8.5. 
s 
Also, T = pU_._2 and if we compute the value of u at y = d we get 
0 ~ s 
u = u = 8. 5 u .,_. 0 .,. 
Tak ing White's results for these two experiments, To = 
and tan e = 1 we find, 
U 0 = 1. 9 [(ys- y }d5 J1 12 ft/sec 
0.102 (y - y)d' 
. s s 
The constant .is higher than that deduc e d frorn the pulsatir:ig j et. 
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A qualitative study with the pulsating j et in a c ross current was 
made with sediment number 3, a sand with d = 0. 564 mm and cr = 1. 14. 
s g 
The flume described in Section III-A-5 was used. A mean flow velocity , 
considerably less than that required to cause grain motion, was estab-
lished over a levelled sand b e d in the flume. The jet tub e was inserted 
into the flow and a run p e rfo rme d in exactly the same way a s report e d 
for the experiments in still wat e r. Two critical j e t strengths were ob-
tained; one for moving sediment and the other for causing the grains to 
jump. Both were in excess of those found when th e current was zero. 
As the mean flow velocity was incre ased the jet strength required to 
attain critical conditions also increased. At first glance these observa-
tions seem illogical, but the reason for th e m is easily found . 
In S ection IV-B-3 it was suggested that the j et strength consisted 
of two parts. One was that por tion required to ove rcome the resistance 
offered to the pulse as it trave ls to the bed, and the other is the re-
mainde r which acts upon the sediment grains. With a cross current it 
is much more difficult for the puls e to reach the b e d. One effect of the 
current is to dis tort the shape of the pulse both as it is b eing formed 
and during its motion through t he fluid. It thus loses some of its 
vortex ring structur e and its ability to move parallel to its a xis. The 
pulse is also s w ept downstrean1. follo wing a Longer path, and decaying 
more, b efo re reaching the bed. For increased mean flow v elocitie s 
both effects become more pronounced , resulting in in c reas e d critical 
jet strengths. At the bed, the pulse has merely t o add to the mean bed 
velocity in order t o move the grains. At this stage of its motion it will 
in fact b e weaker than the corresponding pulse in the no cur r ent cas e . 
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Weaker is used here in the sense that the increase in bed velocity 
caused by the pulse is l ess . 
Figure 5-3 shows the pattern of grain motion in the flume at jet 
strengths just in excess of the critical value. The view is from directly 
above the bed. Grains are disturbe d in a r egion which is downstream 
of the j et axis an amount determined by the eras s current and the tube 
height. It has a rounded upstream boundary and is ill-defined at the 
downstream end. At low curre nt velocities there was a considerable 
amount of lateral grain motion as indicated in Figure 5-3. With in-
creasing vel ocities this motion was decreased, the grains moving in a 
predominantly downstream direction. When the curre nt was close to 
the critical velocity for grain motion, some of the grains moved by the 
pulse continued rolling downstream for a distance much greater than 
the pulse dimensions. Often these were the large r grains w hich, being 
more e x posed, were kept in motion by the current. Some smaller 
grains continued to move for a short period under the action of bursts 
from the flow. This indicate s that it requires larger bursts to initiate 
motion and smaller bursts to maintain it. 
At critical conditions for jumping the grains l e ft the bed and 
were carried in a downstr eam direction by the cross flow. They all 
returned to the bed at points away from the region influenced by the 
pulse. By increasing th e fr e quency of the j e t so that K> K 2 , the streng th 
to cause jumping, grains could be made to jump upstr eam. In such 
cas es the puls e arrived at the bed with sufficient streng th to momenta rily 
r everse the flow dir e ction. This did not occur at eithe r of the critical 
j et strengths. 
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Fig. 5-3 Plan view of the grain motion produced 
by a pulsating jet in a cross flow. 
I .., 
-
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2. Initiation of Motion .by a Turbulent Flow. 
Using the flume described in Section III-A 5, observations were 
made of grain motion at critical conditions. Sediments Nos. 2 and 3 
were used. The y were both sands with the following properties : 
d = 0. 239 mm and cr = 1. 12; d = O. 564 mm and cr = 1. 14 respectively. 
s g s g 
After carefully levelling the bed a flow was started. By adjusting 
both the downstream and upstream gate valves, a constant depth of flow 
was maintaine d as the velocity was inc reas ed. After each .increase in 
velocity, a time inte rval of approximate ly 10 minutes was allowed for 
the flow to become steady. Observations we re then made to determine 
if any grains were in motion. A section of the flume , approximately 
I ft in length and 10 ft from the inlet, was chosen as the test section. 
At this p oint the boundary layer was fully turbulent. The type of 
boundary layer pres e nt was determined by dropping potassium perman-
ganate crystals into the flow and noting the streak left by the crystal. In 
the laminar portion the streak remained as a line until afte r the crystal 
had reached the bed, while in the transition and turbulent regions the 
streak broke up into a diffuse cloud of dye b efore r e aching the bed. 
Grain motion first became apparent in isolated spots. At this 
stage most of the grains in motion were the largest ones. Because of 
their size these grains project above the mean b ed level and ar e more 
exposed to the action of the flow. If this flow velocity is maintained 
they are either s wept out of the system or they settle into a h ollow l eft 
by the levelling proce ss, and the motion ceas e s. 
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At slightly higher velocities grain motion r es umed. It occurred 
intermitte ntly at isolated places on the bed. Grains at a particular 
lqcation would move and the n come to rest. The number of grains in 
motion at each burst varied , but was always less than tw e nty. Both the 
duration of the motion and the distance moved varied from grain to 
grain. Motion was always brief, with maximum excurs i ons being 
approximately one or two inche s . Bursts of motion were observed to 
occur from positions all over the bed, with frequencies that appeared 
to be constant from one location to another. Because of the brief dura-
tion of the motion, it was difficult to define either the shape or size of 
the r egions from which motion occurred . They were small, how ever, 
being in general l es s than one inch in diameter . 
The critical conditions were judged to have b een reached whe n 
grain motion occurr e d about e very two seconds at any chosen spot on 
the bed. Grains, under these conditions, generally move d in the dow n-
stream direction. Howeve r, at each burst the re we r e some grains 
that had a l a te ral component to the ir motion . This was l es s than the 
streamwis e component and the grains moved in a dire c tio n making a 
small angl e with the mean flow. The o ve rall appe arance of the motion 
at each burst was similar to that of the motion produced by the pul-
sating j e t in a stream. The magnitude of th e l a teral m otions, which 
was large at low stream velocities , was the essential difference be·· 
tween the two cases . At higher stream velocities the patterns caused 
by the pulsating jet resembled more closely those observed in the flume. 
If it is assumed that a grain will move in a given direction only 
if the velocity past the grain in that dir ec tion exceeds a critical value , 
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then the presence of the lateral motions becomes significant. By mov-
ing laterally, the grain shows that the velocity has a finite component, 
in the lateral direction, at least for the duration of the movement. Let 
U be the velocity necessary to cause grain motion, U be the main 
c 
stream velocity adjacent to the grains and u', w' be the velocity fluctu-
ations near the grains in the streamwise and perpendicular directions 
respectively. The grains will move when the magnitude of the velocity 
vector, I U + u' + w' I , exceeds U . The direction of motion will be 
c 
that of the velocity vector. Hence the angle between the path followed by 
the grains and the streamwise direction is an indication of the relative 
magnitude of w' and U + u' · Larger angles would indicate larger values 
of the.ratio w'/U+ u'. 
A turbulent eddy disrupting the sublayer could generate this w' 
in two ways. Fir st, the intrinsic motion of the eddy may be such as to 
induce a lateral velocity component and second, the fluid within the sub-
layer must flow away from the path of the incoming eddy. The former, 
which is certainly present in the pulsating jet experiments, is probably 
responsible for the grain motion. The latter would be a diffuse How of 
low velocity and could only aid the lateral motion. 
Vanoni (24) recently reported the results of some experiments 
which determined the critical values of boundary shear stress for th e 
entrainment of fine sediments. Detailed observations of the motion of 
grains on a sediment bed were made using an optical apparatus which 
magnified the grains and also confined attention to a very small area 
of the bed, about 15 mm in diameter . He reported that near conditions 
of critical motion, sediment grains appeared to move in gusts or bursts 
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produced by the turbule nc e , many grains b eing moved by each burst. 
From measurements and observations with sand grains, d = 0. 102 mm 
s 
and glass beads d = 0. 037 mm h e was able to es tablish a crite rion f or 
s 
g1'itk1a,l movi;n:trnnt wle~h invqlvl'!i:l tho. £;- ~tj_yi lDl nt;y g;( bh1;;1~1=1 bu:t'lllt; li,l . Tabl@ 
5 - 2 below , taken directly from Vanoni's r epo rt (24), gives hi s criterion. 
TABLE 5-2 
Vanoni' s Criterion for Class ifying S e diment Movement. 
Burst Frequency Rate of Movement 
Bursts per Sec 
Less 1 than TO Negligible 
1 1 
10 to 3 Small 
1 
3 to 1 Critical 
Larger than 1 General 
In the author's experiments, reporte d above, the critical stage 
was judged to have been r eached when bursts occurred abo ut every two 
seconds at any given position on the bed. This is in accord with Vanoni' s 
criterion (see Table 5 - 2) and is the reason for w hat may have appeared 
to be an arbitrary choice. 
There was a difference in the number of grains set in motion by 
the bursts in the two sets of experiments . Vanoni reports that between 
20 and 40 grains were set in motion, in the small area observed, at 
each bur st. In the author ' s exp e riments app rox imately 10 g rains , with 
the large r sand, and 15 to 20 g rains , with the smaller sand, we r e set 
in motion at each burst. The difference between the two ca s es is 
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probably due to the large difference in the grain sizes, d = 0. 102 mm 
s 
as compared with d = 0. 564 mm and d = 0. 239 mm. Although at 
s s 
what was taken as critical conditions by the author, the number of 
grains in motion was considerably less, the transport rates in terms 
of weight of sediment p e r unit time may well have been comparable. 
u ... d 
'•' s Vanoni notes that' for boundaryReynolds numbers Re ... =----
... \) 
les s than 2, there is a wide range of mean bed shear stress less than 
the critical value for which some sediment movement occurs . This is 
apparent from Table 5- 2 where the rate of movement is characte rized 
as small for burst frequencies between 1
1
0 and j . That some motion 
occurs at conditions less than critical is under sta ndable in terms of 
the entrainment hypothesis proposed in Section II- C. It is the effect of 
thos e turbulen t eddies which are conside rably ' stronger 1 than the 
average eddy in a particular flow . The ir fr equency of occurrence is 
low and thus the number of grains affected is small, too small to con-
stitute critical motion. 
One furth e r important conclusion can be inferr e d from Vanoni' s 
measurements. He notes tha t . the thickness of the sublaye r, d e fined as 
0 = 11. 6 u\)J, ' during the experiments ranged fr om 7 to 50 grain diame-
..... 
ters. Hence the grains we r e well embedded in the sublayer. Since 
they were n o t in continuous motion, the mean velocity in the layer was 
insufficient to cause movement. One must conclude ·that th e laye r was 
intermitte nt in nature, being broken up by a turbulent burst each time 
grain motion occurred. 
Grain motion,which occurs ove r a flat bed at conditions in ex-
cess of critical, is also interesting. Vanoni's crit erion (Tabl e 5-2) 
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would classify the motion as 'general'. The movement is almost con-
tinuous at all places on the bed with many grains moving together as 
groups. Periods of rapid motion will alternate with periods of relative 
calm. Some of the larger grains roll through the whole field at 
average velocities considerably greater than those of the smaller grains. 
This is a result of their greater exposure. Only the topmost layer of 
grains is affected by the flow; the lower layers remain stationary as 
·the surface grains roll over them. Lateral motions are more pro-
nounced under these conditions. A factor which can contribute to 
lateral motion under these conditions is glancing collisions between a 
moving grain and a stationary one. However when a number of grains 
moveq laterally toge the r, the cause must have been a sudden gust of 
fluid in their vicinity , i.e. an impinging eddy. Lateral motion in 
groups occurred at all points on the bed with some regularity. 
Further discussion of grain motion over a flat bed is given in 
Section V-E where the problem of suspension from the b e d is treated. 
This section has presented a discussion of the initiation of 
motion on a flat bed, the main points of which can b e summarized as : 
(1) Grain motion was observed to occur first in intermittent 
bursts. The author suggests that it does so as a result of turbule nt 
eddies from within the flow interacting with the bed. 
(2) A repres e ntation of a turbulent eddy, the pulsating j e t, 
d etermined an expression relating critical b ed velocity to the sediment 
properties . It had the same form as those derived by other investiga-
tors from turbulent flows over sediment beds, and predicted critical 
velocities close to thos e observed in the field. 
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D. INITIATION OF MOTION ON A DUNE COVERED BED 
Consider now beds that are more likely to occur in natural 
streams. These beds, as a result of grain motion, are deformed into 
features, called ripples or dunes, which have the appearance of a series 
of waves, each being somewhat triangular in profile. The upstream 
face is a gently sloping one and the downstream face forms a steep drop 
from a sharp crest. As time progresses they build up into a three-
dimensional array of crests and hollows; the system is then referred to 
as a dune covered bed. A photograph of such a bed appears in Fig-
ure 5-4. By reducing the flow velocity over a dune bed until grains no 
longer move, it is possible to determine, as the velocity is increased 
again,. the critical conditions for motion. Also of interest is the 
position on the bed at which motion first takes place. 
The presence of the dune has a marked effect upon the local 
velocity distribution. Fluid on the upstream side of the dune is in a 
region of converging flow and is thus accelerated as it moves towards 
the crest. It then separates from the crest and decelerates as a result 
of the flow expansion. A separation stream line must extend from the 
crest to the point at which the flow reattaches to the bed. The location 
of this point will vary slightly with time but a mean position can be 
determined by measurements of the local velocity, U , at points on the 
0 
dune surface. Hwang (38) measured the velocity adjacent to the surface 
of a stabilized dune bed. A few of his results, normalized with respect 
uo 
to the mean flow velocity U, are shown in Figure 5-5. Values of -
U 
increase from near the stagnation point, i . e. where the separation 
stream line, shown as a series of dashes, meets the dune surface, to 
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Fig. 5-4 A dune covered bed in a l abora tory flume. 
Sediment size: 0. 23 mm, mean flow 
velocity : 0. 749 ft/sec, flow depth 0. 231 ft. 
Photograph taken by Hwang (3 8). 
Uo = O 0.5 0.6 u 0:75 0.95 1.10 
Fig. 5-5 Velocity distribution over the surface of a dune. 
(Taken from Hwang (38)). Scale: l /3 x full size. 
I 
..... 
-.J 
.i:. 
I 
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a maximum at the c rest. These values are mean v e locitie s at the point 
of measurement, and were determined by a pitot tube conne cted to a 
pressure transducer . 
In view of Hwang's results, one might expect to observe the 
first signs of grain motion n ear the crests where the velocity is greatest. 
However, in accordance with the proposed mechanism of sediment move-
ment, it is suggested that as the mean flow velocity is increas ed, the 
first signs of movement will b e at those positions at which the eddying 
motion is most pronounc ed. In order to move grains, the local velocity 
must r each a value close to that given by equation (14) above. It is 
postulate d that thi s will b e achieved first by the superposition of the 
mean flow at a point and the more severe motion associated w ith e ddy 
impinge ment. 
Conside ration of the flow pattern over a dune surface will allow 
a prediction to be made as to where the eddy motion will be most severe. 
The r egion around th e stagnation point is one such region. H ere the 
flow is being turned abruptly from its initial direction and swept either 
into the trough or up the back slope of the dune. Eddies being C":rried 
in the flow near the separation streamline, h ave an excelle nt chance of 
actually impacting directly onto the bed. This situation is parallel to 
that existing in the jet. The direction of rotation of the eddy w ill 
d e termine the direction in w hich the grains w ill m o ve . It can be e x -
p ected tha t th e direction of movement will vary and even at time s be up-
stream . The dune trough is another region whe r e successful eddy action 
may be anticipated . It is probable that e ddie s cross the separation 
streamline and thus e nte r a comparatively quie t s e ction of the flow fie ld. 
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Here the mean velocities are quite small and the eddy can move towards 
the bed almost unhindered. In other words, once an eddy enters this 
region the chances of it impacting onto the bed are high. 
Experiments were performed in the flume to determine the 
critical conditions for grain motion and the position at which motion 
first occurred. A dune covered bed of sand grains, d = 0. 564 mm, 
s 
was developed by running the flume for 30 minutes at a mean velocity of 
1. 13 ft/sec at a: depth of 0. 347 ft. Under these conditions the bed trans-
port rate was high with bed features forming rapidly. There was only 
a small amount of material in suspension. The dunes had developed to 
h . h f . 1 1 . b f th fl d an average eig t o approximate y 2 in. e ore e ow was stoppe . 
. The flow was then started again at a very low mean velocity and 
increased in small steps until motion was observed. It occurred first 
in the troughs and at the base of the upstream slope of the dune. Motion 
was intermittent with 5 or 6 grains moving simultaneously from a small 
area. In the trough there did not appear to be any preferred direction 
of motion even within one bur st. Grains appeared to move away from 
a center as in the jet experiments. On the dune slope the preferred 
direction was downstream, but there were many instances in which 
grains moved laterally and upstream. 
The dye injection technique outlined in Section V-B- 2 can yield 
further information about the structure of the flow over the dunes. A 
flow over a dune bed which can move the sediment grains, also moves 
the dunes. By placing a dye tube beneath such a bed, the flow structure 
at all points on the dune profile can be observed as the dune moves over 
the end of the tube. A typical dune velocity is 1 inch in 10 or 15 minutes, 
-177-
which allows ample tir:ne for observations at each point on th e profile. 
Four dis tin ct regions will be discussed; the trough, the dune cres t, 
the upstream slope and the region near the stagnation streamline. 
(i) The Trough. Dye appeared at the grain surface as a c ircular 
patch approximately i in . in diameter. From this patch filaments of 
dye could be seen rising from the bed·. Each filament twisted as it ros e . 
Often filaments would <lisper s e quite suddenly and disappear into the 
main flow. Some moved slowly up the face of the dune towards the crest. 
Those that reache d the crest b ent over in a downstream direction and 
were swept away. The intrusion of fluid from the main flow into the lee 
of the dune could b e clearly s een. Dye filaments would all move rapidly 
sideways , some to the left and some to the right, and then be turned 
towards the bed or be <lisper s ed. When this occurred, the grains in the 
trough could be s een moving rapidly across the bed, some even jumping 
from the bed and being carried away . The observations showed con-
vincingly that the lee of a dune is not a region of quie scent fluid, but 
one in which frequent bursts of motion occur. Thes e bursts had a very 
definite effect on th e sediment grains. More detail is given in Sec-
tion V-D. 
It is not clear why the dye filaments formed. The dye could have 
left the bed from all points of the patch formed on the surface. Instead 
it preferred to flow across the surface, concentrate in spots, and then 
leave the b e d from these spots. A possible explanation is that the dye 
concentrates in plac e s where the vorticity is high. These would be the 
ends of vortex lines w hich extend out into th e flow. Another possible 
reason is the existence of very local pressure fluctuations w hich suck 
the dye out from between the grains and cause a filament of dye to form. 
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(ii) The Crest. In this reg1on the mean velocity of the flow is 
high, and the dye was swept across the grain surface as soon as it 
appeared. There was a tendency for the dye to move in streaks which 
were carried over the dune crest. Some of the streaks tended to curl 
downwards forming small regions of high dye concentration which re-' 
sembled she d vortices. Others curled upwards and disappeared in the 
main flow. Occasionally all of the streaks would dip sharply into the 
trough, showing the intrusion of an eddy into the lee-side region of the 
dune. 
(iii) The Upstream Slope. Dye moved up the slope, remaining 
in close proximity to the grain surface. When viewed from above , the 
dye sheet had a streaky appearance which was similar to that observed 
with a flat bed, (see Section V - A). Occasionally dye filaments could be 
seen rising from the b e d and mixing with the main flow. This motion 
was infrequent and always accompanied by intensified grain motion. 
(iv) The Stagnation Region. As the dune move s downstr e am, 
the dye patch on the grain surface moves from the crest towards the 
trough. As it nears the stagnation region the frequency with whiCh dye 
filame nts l eave the bed increa ses. The stagnation region is reached 
whe n the filaments start to move radially from a center at each burst. 
At this stage the eddy ac tion is .vigorous and frequent, the dye patch 
,... 
often appearii:ig to erupt from the bed in a cloud. Between the large r 
bursts, s o m e of the dye moved d ownstream t owards the next crest and 
some moved into the trough r egion. E ven this motion w as intermittent 
and punctuated with ejections of dye streaks from the bed. 
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These dye studies emphasized the importance of the dune con-
figuration in determining the flow structure ove r a dune bed. They 
also established that the two regions in which e ddy action is most pro-
nounced are the stagnation zone and the region in the lee of the dune 
face. 
Another aspect of the sedime nt fluid inte raction was revealed by 
the initiation of motion experiments on a dune bed. The critical mean 
velocity of flow was less with a dune covered b e d than with a flat bed. 
Two runs gave values of 0. 606 ft/ sec and 0. 5 91 ft/ sec with a depth of 
0. 347 ft. For the flat bed a velocity of O. 84 7 ft/s e c was required at 
the same depth. The sand size in each case was 0. 564 mm. Mennard 
(42) has reported this effect and m e ntions value s of about 5 . cm/ sec 
difference in the two cases. In the author's exp e riments the difference 
1 is 7 2 cm/ sec. 
Reasons for the lower mean velocity ove r the dun e s can be found 
in the hypothe sis of impinging e ddies. At the base of the dune the flow 
is directed at an appreciable angle to the bed instead of being parallel 
to it. This not only has the effect of increasing the chanc e s of an eddy 
striking the bed, but also aids its progress to the b e d. In th e trough 
region, those eddies w hich imping e onto the b e d d o so without e n-
countering much r e sista nce from a mean flow and without hav ing to 
disrupt a sublayer. The dune also aids in another way; that of intensi-
fying the turbulent fluctuations near the bed. It is a case of fl ow o v er 
a rough boundary as opposed to flow over a smo oth one. Toge ther 
these e ffe cts sugg est tha t ove r a dune cove r e d b ed, flows with smaller 
mean v e loc itie s c a n p rovide the e ddy activ ity requir ed f or grain motion. 
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Summarizing this discuss ion of initiation of motion on a dune 
covered bed, it can be said that 
(1) The initial grain motion is intermittent in nature and occurs 
in those regions in which eddy action has been shown to be a maximum.· 
(2) A dune covered bed acts as an aid to the mechanism of 
grain motion, e nabling flows of lower mean velocity to initiate move-
ment. The reason for this is thought to be the resultant flow pattern 
which assists eddies to impinge onto the sediment bed. 
These two statements are indicative that a m echanism involving 
the interaction of turbulent eddies and the sediment grains is of im-
portance in the entrainment process. 
E. SUSPENSION OF GRAINS FROM A DUNE COVERED BED 
Consider now the conditions created adjacent to a dune covered 
bed by a flow transporting sediment in suspension. The mean flow 
velocity is considerably in excess of that required to initiate motion. 
Because the s edime nt has a finite fall velocHy and the impuls e s given 
to it by turbule nce act dow nwards as well as upw ards, many grains 
are r e turned to the bed. However, the concentration profile in a flume 
remains essentially unchanged w ith distance along the flume, which 
implies that sediment is b e ing continually entrained from the bed. 
There are four possible places for this entrainment to occur; 
from the troughs, from the crests, from the upstream slopes of the 
dunes, a nd fr o m the stagnation re gion. 
(1) The troug h is a region of strong e ddy motion. This was 
discuss ed in the previous sectio n w here it was shown that eddies leave 
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the main flow, cross the separation streamline and impact onto the bed. 
Since the dune pattern is not two dimensional, there is the possibility 
of fluid entering this region from the side in the form of a jet or, 
possibly, as a series of bursts. Interaction with the eddies, mentioned 
above, res-ults in a highly unsteady flow pattern. Grains in this region 
are observed to be in a state of continual jerky motion, and very seldom 
are they stationary. The movement is in no preferred direction and is 
often oscillatory. From time to time a large disturbance of short 
duration appears and grains, as in the 'jump' experiments of the pul-
sating jet, are lifted from the bed in a cloud. The trajectories of these 
grains are radial from the center of the disturbance and are curved 
away from the bed. A scour mark of somewhat circular shape can be 
seen on the bed after each burst. It is obliterated almost immediately 
by the continual motion of grains in the trough. Some of the grains 
lifted by the burst return to the bed in the trough; others are caught up 
in the main flow and are suspended. The bed geometry, which deter -
mines the flow pattern, is important in this process, e.g. jet-like flow 
between two dunes will suspend any grains that are projected up into it. 
Grains are sometimes thrown well up the back slope of a dune, from 
where they are swept away. 
Flow conditions in the trough parallel those of the pulsating jet 
becaus e there is no mean cross flow through which an eddy must pass. 
The mechanism by :Vhich grains leave the bed in this region is the same 
as that which causes jumping in the pulsating j et experiments. See 
S ection IV -E- 2. The mo st violent eddies caused grains to jump almost 
vertically from the bed. This could be done with the pulsating jet by 
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using a jet strength much greater than the critical jet strength for 
jumping. Flow conditions in the trough are probably represented more 
accurately by the pulsating jet, than those in any other region of the bed. 
(2) The back slope of the dune is a region in which the flow is 
parallel to the grain surface and conditions are thus similar to those on 
a flat bed. However, the probability of there being a thick viscous sub-
layer is small because there is not sufficient distance over which one 
can develop. Eddies being carried along in the flow can then impact 
very effectively onto the surface. 
Flow conditions which suspend sediment are such that grains on 
the backs of the dunes are in constant motion. It is a jerky, wavy 
motion in which grains often move in. a streaky pattern. The effect of 
an eddy is to disrupt this pattern. If the eddy is a violent one, grains 
move in groups which are suddenly accelerated or even lifted from the 
bed. These effects can be easily observed in a laboratory flume. 
(3) The dune crests act mainly as launching devices for the 
grains which are rolling up the dune slope. Many grains which roll to 
the crest tumble down the lee side, which results in a forward move-
ment of the dune as a ·.r;hole. Those grains which arrive at the crest 
with a sufficiently high velocity are, as a result of their inertia, 
launched from the crest into the main flow . Once over the crest they 
can be either suspended or returned to the bed. It is proposed that the 
high velocity of the grains launched from the crest is achieved with the 
help of eddy action in the region behind the dune crests. Observations 
of gi:ain motion, both up the dune slope and from the crest, leave no 
doubt that this is th e case. Suspension of grains from the dune crests 
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is thus dependent upon eddy action. The dependence is less direct than 
in other regions of the bed. 
(4) The stagnation region is that part of the dune profile where 
the separated flow from the previous crest impinges directly onto the 
sediment surface. It was noted in Section V-D that the flow in this 
region was very unsteady, with large fluctuations occurring frequently. 
This is demonstrated clearly by the action of the sediment grains. 
Motion is very similar to that described in connection with the trough 
region, but it is more violent and extensive. The bursts are not nearly 
as symmetrical as the ones in the trough. Most of the grains move 
downstream or laterally, and only a few are seen moving upstream. 
Most pursts cause grains to leave the bed. Many of the grains are pro-
jected right over the crest and are immediately suspended. This is the 
only region on the bed where more than just the topmost layer of grains 
is affected. The intensity of the fluid motion is often such that con-
siderable ·scour occurs. Any depression left on the surface by this 
action is quickly covered by grains from adjacent areas of the bed. 
The fluid flow pattern is very similar to that of the pulsating jet because 
the eddies carried by the flow impact directly onto the bed. On impact 
they are turned sharply and move either into the trough or up the dune 
slope. In so doing they exert large drag forc e s on the grains, causing 
their motion. 
Discussion in this section has described conditions which are 
parallel to those in Section V-D. The essential difference is that flow 
velocities are higher and eddy motions are more intense. The same 
conclusions can be drawn as to the i rrportance of the impinging eddies. 
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It is sugges t ed that grains are suspende d fr<)m the four regions di s-
cussed above prima rily as a r e sult of turbulent eddie s interacting 
with the b ed . 
F. SUSPENSION FROM A FLAT BED 
With increasing fl ow velocities the sediment bed changes from 
a dune bed to a flat bed. The bed is leve l except for two narrow bands 
at the side walls of the flume w h ere small dunes are found. The sedi-
ment transport rate is high with grains being move d both as suspende d 
load and b e d load. In elevation the flow appears as a dense cloud of 
sedimen t grains moving over a flat b ed. It is equivalent to a dust 
storm caused by high winds over a des ert. 
The hig h concentratio ns of suspended load make it impossible 
to observe any d e t a ils of g r ain motion. One c an only engage in specula-
tion concerning th e entrainment mechanism and th e applicability of the 
impinging eddy h ypothesis . Observations made of grain motion at low 
flow velocities over a flat bed must form the basis for any such specu-
lation and are rep or t e d at the end of S e ction V- C on page 1 71 . This 
discussion actually bears the same relation to S ection V-C as the last 
section did to V-D. 
At these h igh velocities the grains will be r o lling over the sur-
face under the action of the mean velocity. The sublayer, which has a 
n ominal thickness of y = 10 0V , is thinner than that at critical conditions .... 
... 
on a flat bed. Grains r olli ng along will tend to disrupt the layer, and 
in all probability the layer w ill hav e a small e ffect upon the conditions 
at the b e d. 
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Increased flow velocities imply higher turbulence intensities. 
Thus, both the motion of the eddies thro ugh the fluid and also th e 
motion within the eddies, will be increased . As a counter to the effect 
of increased turbulence the higher shear stresses in the fluid near the 
boundary will cause greater disto rtion and perhaps disintegration of 
some eddies befor e the wall is reached. The relative importanc e of 
these two opposing e ffects can only b e estimated. Comparison of 
observations made of critical conditions with thos e made at highe r 
v e lociti e s over a flat bed, show that noticeable increases in grain agi-
tation take place as the flow velocity is increased. Based on this, it 
seems that the effec t of increased turbulence intensity w·ould be more 
important than the increased r esistance to eddy impingement by the 
faster flow. The author believes that the impinging eddy hypothe sis is 
applicable at these high velocities, although its effects upon a sediment 
bed have not been observed directly. 
Grains on the bed, because of their continual motion, are in a 
very loose state and encounter little inte rfer enc e from their neighbors. 
An eddy coming into contact with such a dispersed system would have a 
pronounced. effect upon it. Fluid motion within the eddy w ill increas e 
· the forces acting on the grains and those that are sufficiently exposed 
will experience a vertical force component w hich, if large enough, will 
cause grains to leave the bed. The high m ean velocity will carry them 
downstream a considerable distance befor e they can settle back to the 
bed. During this time, the probability of the turbulent fluctuations in 
the flow projecting the grain furth e r from th e bed and suspending it, 
is high . 
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If the vertical component of the forc e on the grain is less than 
the grain's submerged weight, there is another mechanism which can 
project grains from the flat bed. Locally, when the eddy makes con-
tact with th e bed, the grains are accelerated and will overtake and 
collide with those that are mov ing ahead of them. As a r es ult the 
direction of motion of the grain can be inclined to the bed, and if the 
velocity increase is sufficient the grain will be projected away from 
the neighborhood of the boundary. For this mechanism to be effective, 
the fluctuating natur e of the velocities adjacent to the bed is essential. 
If the flow velocity was constant in this region, then no grain could 
overtake another and be deflected into the flow. 
Until a method is devis e d to observe the motion n ext to a flat 
bed, the points outlined above must r emain speculation. They have 
however, been bas e d on obeervations made at lower velocities and are 
reasonable extensions of the conclusions draw n from the se observations. 
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CHAPTER VI 
SUMMARY AND CONCLUSIONS 
This study has attempted to clarify the process by w hich sedi-
m ent grains a r e first moved and then lifted from the bed of an alluvial 
stream. The Inain conclusions that may b e drawn are: 
A. From dye studies in the flume . 
1. Fluid motion in the sublaye r of a turbulent boundary layer 
over a flat sediment b e d is irregular and unsteady. 
2. Bursts of fluid leave the sublaye r and mix w ith the fluid in 
the bounda r y layer . 
3. Continuity implies that when bursts of fluid l eave the bed, 
there must b e a flow towards the b e d. 
4 . On a dune bed the m ost unsteady regions of flow a re the 
trough, and that region near the stagnation point on the b ack slope of 
the dune . 
5. Fluid ent ers the l ee side r eg ion o f a dune from the main 
fl ow over the c r est, in irregular bursts . 
6. Bursts of fluid ris e from the b ack slope of the dune and 
m ix with the mai n flow in a manner similar to that obs e rve d ove r a 
flat bed. 
B. From observations of grain mot ion. 
1. Unde r critical conditions for grain motion o n a flat b e d, 
the motion occurs in intermitte nt bursts over small areas of the bed. 
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2. As the flow v e locity over a dune bed is increased from 
below the critical value, the grains which move first are those in 
regions where the unsteadiness of flow was shown to be a maximum. 
(See A-4 above. ) 
3. The critical mean flow velocity for initiation of grain 
motion, at the same flow depth, is less for a dune bed than for a flat 
bed. The reason for this is thought to be that the flow pattern over 
the dunes assists th e e ntrainme nt process. 
4. Suspension from a dune bed occurs at all points on the 
dune profile. The manner in which grains leave the bed differs from 
one region of the profile to another. At each point the grain motion 
can be explained in terms of the obs e rved flow pattern at that point. 
(See A-4, 5, and 6 above.) 
C. From the pulsating jet experiments. 
A piston pump and a cam mechanism were used to produce a 
pulsating j e t with a range of amplitudes and fr e quencies. The j e t 
issued from a tube placed v e rtically in a tank of still w ater, the base 
of which was covered w ith a b e d of loos e s e diment grains. The dis-
tanc e from the end of the jet tube to th e s e d i ment bed range d from 
0. 1 ft to 0. 3 ft. Puls e amplitude wa s d efin e d as the v olume of fluid in 
the puls e divided by the cross sectional ar e a of the j e t tube . The 
following conclusions may be drawn from the jet experime nts: 
1. There are two critical value s of jet strength: one at which 
grains start to roll across the b e d, and one at w hic h gra ins are p r o-
jecte d up fr o m the b e d. J e t str e n g th is define d in S e ctio n IV-B-1 , 
equation N o . 3. 
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2. Data from all the experiments can be correlated in terms of 
three parameters formed from the experimental variables. When 
Ud 
plotted in the form A /h against --5 , the data define a family of c;:urves, 
. \} y -y d 3 
each of which corresponds to a particular value of [ + s~ J. Defi-
nitions of all the symbols can be found in the list starting on page 192. 
Figure 4-16 pre sen ts the data determined from critical conditions for 
grain movement, and Figure 4-17 shows the data from critical con-
ditions for grain jumping. The critical jet strength at a given tube 
height, and for a specified fluid and sediment combination, can be cal-
culated directly from Figure 4-18 ('move') or Figure 4-19 ('jump'). 
3. The relation between the maximum velocity produced adja-
cent to a boundary by the pulsating jet, and the jet strength, can be 
written as a power law. 
4. Based on (3), an expression relating critical bed velocity 
to sediment and fluid properties, can be deduced. It has the same 
form as those derived by other investigators from experiments with 
turbulent flows over sediment beds, and predicts critical velOcitie s 
close to those observed in the field. 
5. The velocity produced adjacent to the sediment bed by the 
pulsating jet has a vertical component. The fluid elements follow 
trajectories inclined at an angle to the mean bed level. 
6. Under the action of the jet, grain motion is brief, inter-
mittent, and occurs only on a small portion of the bed. 
7. The pulse moves sediment grains by increasing the bed 
shear stress to a value exceeding the critical value for grain motion. 
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8. The pulse lifts grains from a sediment bed by rolling them 
to a position in which they are exposed to the action o'f the vertical 
component of velocity described in C-5, above. When this component 
is of the order of the fall velocity of the grain, the grain can leave the 
bed. 
From the conclusions listed in A and B above, it is hypothesized 
that turbulent eddies impinge directly onto the sediment bed. An e n-
trainment hypothesis based on this concept of impinging eddies was 
proposed and investigated using a pulsating jet to simulate the action 
of a turbulent eddy upon a sediment b e d. The hypothesis is presented 
in detail in Section II- 3. 
If the effect of a turbu l ent bounda ry layer upon a sediment bed 
is to be adequately repres e nted by the pulsating j e t expe riments, the 
characteristic featur e s of one must be reproduced in the other. For 
the jet these features are: 
(i) The existence of t wo critical j e t strengths , (C-1), 
(ii) the intermittent and local nature of the grain motio n, 
(C-5), and 
(iii) the intro duction of a vertical component of velocity 
adjacent to the bed, (C -6 ). 
The equivalent of the t w ·o critical jet strengths, mentioned in 
(i ) above, can b e infe rr ed from the exis tenc e of a flow velocity for 
which motion occurs by rolling and sliding , and the r equirement of a 
considerably higher velocity for grain suspension fr om a b e d by a 
turbulent flow . They may b e int e rpre t e d as t wo critical levels of e ddy 
activity . The presenc e at th e boundary of a turbulent flo w , of the 
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effects mentioned in points (ii) and (iii) above, was established by 
observations of grain motion and the movement of dye filaments, see 
B-1 and A-2. 
From these observed similarities it is inferred that the entrain-
ment mechanism in the two cases is the same. H e nce the mechanism 
by which a turbulent eddy, upon impact with a sedime nt bed, moves 
and then suspends sediment , is the same as that outlined for the 
pulsating jet in Section IV-E and summarized in C-8 above. 
The author does not claim to have complete ly solved the prob-
lem of fluid and grain interaction, or even to have prove d that the 
proposed mechanism is the only one which can result in the entrain-
ment of sediment grains. An entrainment hypothesis has, however, 
been proposed. Evidence in favor of its validity has been presented 
and may be summarized in three points : 
I. The flow structure implied by the hypothesis is consistent 
with that reported by other workers after extensive investigations. 
2. Simultaneous observations of dye filaments and grain 
movement give a visual correlation between the violent disturbances 
in the sublayer, and the grain motion. 
3. The hypothesis can explain many of the observed features 
of grain motion on sediment beds. 
An important consequence of the entrainment hypothesis is that 
grains cannot be lifted from the b e d without the pr e s ence of turbulent 
fluctuations adjacent to and dir ected towards the b e d. 
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LIST OF SYMBOLS 
pulse amplitude 
constant used in King's Law 
diameter of jet tube 
constant used in King's Law 
sediment concentration 
sediment concentration at y = a 
drag coefficient 
lift coefficient 
diffusivity 
grain size for which 84 . 1% by weight of sediment 
is finer, {similarly for dlS. 9 ) 
functions of y s - y, h, v 
tube height 
current flowing in hot wire 
jet strength 
jet strength required to overcome the resistance 
offered to the pulse by the fluid 
jet strength required at the bed to cause grain motion 
von Karman constant 
Reynolds number based on fall velocity 
Reynolds number based on shear velocity 
electrical resistance of hot wire 
electrical resistance of hot wire at temperature of fluid 
Shield's parameter 
S. G. 
s 
T 
u 
u 
c 
u 
u' 
v 
w 
w' 
x 
y 
+ y 
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LIST OF SYMBOLS {Cont'd) 
specific gravity 
slope of amplitude-frequency curve when plotted 
on logarithmic paper 
period of bursts of grain movement 
exit velocity of pulse = 2Aw 
shear velocity 
maximum velocity that occurs at the bed during the 
passage of a pulse 
critical velocity for grain motion 
velocity of fluid over hot film sensor 
streamwise velocity fluctuation 
voltage output from hot film sensor 
fall velocity 
lateral velocity fluctuatio n 
slope of line s of constant 13 in Figur e s 4-16 and 4-17 
elevation above the bed 
dimensionle ss coordinat e y+ = 
a.1 , a.2 numerical coefficients 
j3 parameter characterizing s e dime nt and fluid = 
d 3 [y~-y-Tz1/O 
y specific weight of fluid 
y 
5 
specific weight of sediment 
0 sublaye r thickness = 11. 6 u\) .... 
..... 
e: cavity depth 
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LIST OF SYMBOLS {Cont'd) 
roughness paramete r 
diffusion coefficient for sediment 
e angle of repose 
\) kinematic viscosity 
p density of fluid 
density of sediment 
geometric standard deviation 
bed shear stress 
cdtical value of b e d she ar stress 
dimensionless paramete r 
dimensionless parameter 
\) 
w pulse fr e quency 
pressure diffe rence 
density differ e nce 
subscript 1 r e f e rs to critical conditions for moving 
2 subscript 2 refers t o critical conditions for jumping 
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